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ICTHODUCTIOii 


This  Is  Volume  III  of  the  final  report  on  ’jork  performed  under 
Contract  AF33(6l6)-515^,  Supplement  5 3( 59-207) ^  involvlna  research 
of  materials  for  liquid-hydrogen  boost  tanlts.  The  entremely  low 
temperoture  of  liquid  hydrogen  prosents  some  unique  pi’oblems  in 
selecting  materials  for  tanks.  Insulated  tanks  are  a  necessity 
to  prevent  high  boiloff  losses  during  standby  and  flight.  These 
insulations  must  v;ithstand  large  thermal  differences  betvreen  the 
exterior  surface  and  the  interior  surface.  To  qualify  for  rocket 
vehicle  tankage,  the  Insulation  must  also  withstand  the  vibrations 
from  the  engine,  dynamic  pressure  during  flight  through  the  atmos¬ 
phere,  and  the  aerodynamic  heating  associated  with  flight  through 
the  atmosphero.  The  vibration  and  dynamic  pressure  effects  are 
beyond  the  scope  of  this  study,  but  the  requirements  for  materials 
capable  of  -withstanding  aerodynamic  heating  are  considered  in  de¬ 
tail.  For  cryogenic  application,  many  insulations  that  can  be 
evacuated  make  a  very  good  insulation  provided  an  exterior  en¬ 
capsulating  material  can  be  placed  over  the  insulation  for  vacuun 
sealing . 

This  volume  considers  structural  -’tcrial  for  liquid  hydrogen  tanks, 
insulation  for  the  side  ;^alls  and  the  ends,  and  encapsulation  ma¬ 
terials.  The  materials  chosen  are  primarily  for  the  7>000-gallon 
test  tank  which  was  tested  in  the  thermal  test  facility,  but  the 
materials  for  the  most  part  are  applicable  to  actual  rocket  vehicle 
tanks  containing  cryogenic  liquids. 
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1.0  PRIMARY  STRUCTURAL  MATERIALS 


1.1  Tank  Structural  Material  Selection 


There  Is  only  one  combination  of  tank  structural  material  and  tank  side- 
wall  Insulation  that  will  produce  the  lowest  overall  system  weight  for  a 
given  rocket  (whether  It  be  a  ballistic  missile,  an  orbital  vehicle  or  a 
space  probe)  to  accomplish  a  definite  mission.  The  lowest  overall  system 
weight  must  include  not  only  material  weight;  but,  Etlso,  the  weight  of 
the  unusable,  vented  or  residual  fuel.  In  the  analysis  of  these  various 
combinations,  it  is  possible  to  determine  the  temperature  limits  that  the 
material  will  have  to  endure.  The  determination  of  this  optimum  system 
weight  is  quite  complicated  and  involves  a  rather  long  period  of  time 
using  an  electronic  computer.  See  Section  ii.O  of  Volume  I  of  this  report 
for  the  details  of  this  type  of  analysis. 

In  order  to  expedite  the  material  selection  for  the  7> 000-gallon  test 
tanks,  it  was  decided  to  use  -h23“F  to  lOOO'F  as  the  range  of  operating 
temperature.  It  was  felt  that  this  range  would  embreuie  the  majority  of 
temperatures  resulting  from  optimum  system  weight  studies. 

Using  these  temperature  limits,  the  preliminary  selection  was  based  on 
the  strength-to-welght  ratios  of  various  high-strength  materials.  Known 
values  of  the  ratios  are  shown  in  Figure  1. 

In  addition  to  possessing  a  high  strength- to-weight  ratio  over  the  tempera¬ 
ture  range,  the  tank  material  should  also  have  the  following  characteristics 

(1)  A  practical  heat  treatment  for  the  leirge  structure  or  no  heat 
treatment. 

(2)  Retain  ductile  behavior  at  liquid  hydrogen  temperature, 
good  fracture  toughness  or  low  sharp-notch  sensitivity. 

(3)  Good  weldability,  preferably  coupled  with  high 
efficiency. 

(4)  Low  thermal  coefficient  of  expansion  to  minimize  thermal 
stresses. 

( 3 )  Available  in  large  sheets  of  thin  gages  with  minimum 
thickness  tolerances. 

(6)  Ease  of  fabrication  and  repair. 

The  final  selection  of  the  tank  material  should  be  based  on  a  combination 
of  these  considerations  that  will  yield  an  optimum  tank  design.  By  con¬ 
sideration  of  the  strength-to-weight  ratio,  the  list  of  considered 
materials  was  reduced  to  the  following  metals: 
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FIGURE  1 

STRENGTH-TO-V/EIGHT  RATIO  VERSUS  TEMPERATURE 
OP  SOME  STRUCTURAL  MATERIALS 
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(1)  Ultra-high-strength  chromium  steels  such  as  Vasco- 
Jet  1000  (Vanadium-Alloys  Steel  Company). 

(2)  Precipitation  hardened  stainless  steels  such  as 
pH-15-7 “Mo  or  17-7pH  (Armco  Steel  Corporation). 

(3)  Titanium  alloys  as  follows: 

(a)  13V-llCr-3Al  (B-120VCA  Crucible  Steel  Company). 

(b)  l^Al-3Mo-lV  (T1-Ua1-3Mo-1V,  Titanium  Metals  Corpo¬ 
ration  ) . 

(c)  5Al-2.5Sn  (Ti-5Al-2.5Sn,  Titanium  Metals  Corpo¬ 
ration  or  A-llO-AT,  Crucible  Steel  Company). 

(d)  6a1-Uv  (T1-6a1-4v  Titanium  Metals  Corporation). 

The  aluminum  and  magnesium  alloys,  as  well  as  the  reinforced  plastic, 
were  eliminated  because  their  strengths  are  too  low  at  1(XX>*F. 

1.1.1  Ultra-High-Strength  Chromium  Steels 

According  to  the  literature  purbllshed  by  the  manufacturer,  Vascojet  1000 
(with  a  Rockwell  hardness  of  50)  has  an  ultimate  tensile  strength  of 
180,000  psi  and  a  strength- to-weight  ratio  of  6^3,000  Inches.  These  high 
allowables  look  attractive  at  first  glance;  however,  in  order  to  obtain 
these  strengths,  the  metal  must  be  processed  through  an  elaborate 
heat  treatment. 

The  heat  treating  of  very  large  tanks  after  welding  presents  a  major 
problem.  It  is  very  doubtful  that  facilities  exist,  or  would  exist, 
to  handle  such  large  envelopes.  Several  methods  of  simplifying  the 
mechanical  problems  of  the  heat  treat  process  have  been  suggested, 
although  none  of  them  appear  too  feasible  at  this  time.  One  such  method 
would  utilize  the  tank  Itself  for  the  heating  furnace.  This  would  require 
a  vast  amount  of  high-temperature  Insulation  if  it  were  to  be  done 
effectively  or  economically.  Another  method  would  use  heat-treated 
sheets,  and  only  the  welded  area  would  be  reheat-treated. 

Vascojet  1000  in  the  annealed  condition  offers  no  strength- to-welght 
ratio  advantage  due  to  its  low  strength  in  that  condition.  Another 
disadvantage  is  the  fact  that  it  is  available  only  in  .025-inch  minimum 
thicknesses  and  24  Inches  maximum  width.  This  would,  of  course,  require 
additional  welded  Joints  and  reduce  the  overall  reliability  of  the  tank. 

One  definite  advantage  of  this  alloy  is  that  it  possesses  a  low  thermal 
contraction  rate  which  is  very  close  to  that  of  titanium.  This  alloy 
could  find  utilization  in  fittings  and  parts  that  are  subsequently  bolted 
to  titanium  flanges.  The  equal  contraction  rates  would  help  to  minimize 
sealing  problems  that  are  generally  encountered  at  these  Joints. 
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1.1.2  Precipitation  Hardened  Stainless  Steels 


'Riese  alloys  are  similar  to  the  previously  mentioned  alloys  in  that  they 
possess  high  strength-to-veight  ratios  at  elevated  temperatures.  Again, 
hovever,  this  Is  brought  about  by  sacrificing  ductility  and  Impact  strength 
and  subjecting  the  alloy  to  a  complex  heat  treatment  that  does  not  lend 
itself  to  the  large  objects  under  study. 

Very  little  low  temperature  data  was  available  on  these  alloys;  hovever, 
a  General  Electric  Report  (Reference  9)  Indicated  that  the  elongation  of 
17-7pH  at  LHg  temperatures  is  only  6/l0  of  l^t  while  the  ultimate  tensile 
stress  approaches  280,000  psl. 

Because  of  this  low  elongation  property  and  because  of  low  welded  Joint 
efficiencies  at  high  temperatures,  the  precipitation  hardened  stainless 
steels  are  not  recommended  for  the  Intended  tankage  application. 

1.1.3  13V-llCr-3Al  Titanium  Alloy 

This  all  beta  alloy.  In  the  aged  condition,  possess  high-strength  levels, 
and  the  simple  aging  process  makes  this  high-strength  level  easily  obtain¬ 
able  In  a  fabricated  article.  The  high  strength-weight  ratio  makes  the 
alloy  one  of  the  most  efficient  structural  materials  available.  Maximum 
operating  temperature  Is  limited  to  ->-600*?  for  prolonged  periods  of  time. 
Temperatures  above  600*P  can  be  tolerated  for  only  short  time  periods  due 
to  the  transformation  of  the  beta  form  to  the  alpha  form. 

When  thermedly  controlled,  the  alloy  has  excellent  formabllity,  weldability 
and  adaptability  to  hydrospinning.  These  characteristics  make  the  flloy 
particularly  suitable  for  lightweight  pressure  vessels.  Due  to  loss  of 
ductility  (attributed  to  the  11^  chromium  content),  the  lower  temperature 
limit  for  pressure  vessel  use  is  -63*?.  This  limitation  precludes  the 
use  of  this  alloy  for  tanks  containing  liquid  hydrogen  or  liquid  oxygen. 

The  use  of  this  material  should  be  limited  to  storable  propellant  tanks. 

1.1. U  4a1-3Mo-1V  Titanium  Alloy 

This  Is  a  relatively  new  alloy  produced  by  Titanium  Metals  Corporation 
that  has  high  strength  properties  at  elevated  temperatures  combined  with 
excellent  formabllity,  ductility  and  creep  resistance.  The  solution 
treatment  and  aging  process  are  similar  to  that  of  the  previous  titanium 
alloy  discussed  although  the  temperatures  are  slightly  higher. 

The  elongation  of  the  aged  material  Is  only  at  room  temperature,  and  It 
would  be  expected  to  be  even  lower  at  LH2  temperature.  The  manufacturer 
Indicates  that  the  alloy  can  be  readily  welded,  although  the  ductility  of 
the  welded  metal  is  even  lower  than  the  parent  metal. 

This  alloy  was  not  recommended  because  of  low  ductility;  also,  because  of 
limited  availability  In  the  desired  gages  and  sizes. 
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1.1.5  5Al-2.5Sn  Titanium  Alloy 

This  alloy  Is  a  medium  strength  all -alpha  titanium  alloy  designed  pri¬ 
marily  for  use  in  sheet  and  strip  form.  It  is  readily  veldable  and 
adaptable  to  all  klnd^  of  sheet  metal  forming.  This  alloy  shows  amazing 
ductility  even  at  -423"f,  which  makes  it  highly  desirable  for  cryogenic 
applications. 

Since  the  alloy  is  nonheat-treatable,  the  problems  associated  with  this 
operation  are  eliminated.  Because  of  this  characteristic,  the  strength 
allowables,  hence  the  strength-to-weight  ratio,  is  lower  than  some  of  the 
other  alloys. 

The  primary  reason  for  its  rejection  at  this  time  is  that  it  is  a  diffi¬ 
cult  alloy  to  roll  and,  therefore,  cannot  be  supplied  in  thicknesses  less 
than  .Ql+O".  On  some  of  the  larger  tanks  under  study  where  the  skin  gages 
will  be  over  this  thickness,  the  use  of  this  alloy  appears  quite  attractive. 

1.1.6  6Al-4zr-lV  Titanium  Alloy 

Titanium  Metals  Corporation  of  America  is  presently  developing  a  new 
titanium  alloy,  Tl-6Al-Uzr-lV,  which  appears  particularly  favorable  for  a 
near  future  pressure  vessel  application. 

Advantages  of  this  new  alloy  are: 

(1)  Provides  higher  strengths  than  6a1-^V. 

(2)  Welding  characteristics  are  equal  to  5Al-2.5Sn,  which  is 
presently  the  best  of  the  weldable  titsuiium  alloys. 

(3)  It  Is  easy  to  roll,  thus  will  provide  sheet  sizes  of 

.025"  X  36"  X  120"  probable  and  .025"  x  48"  x  120"  possible. 

1.1.7  6a1-4v  Titanium  Alloy 

The  6a1-4v  alloy  has  received  wide  acceptance  by  the  airframe  euid  missile 
industry.  It  is  a  heat-treatable  alpha-beta  alloy,  available  in  sheet 
and  strip  stock,  as  well  as  in  a  variety  of  other  mill  forms. 

This  alloy  is  not  considered  as  weldable  as  the  all-alpha  alloys  although 
satisfactory  weldments  have  been  made  with  Joint  strengths  equal  to  or 
greater  than  the  parent  metal.  The  welding  process  must  include  not  only 
an  inert  gas  shielded  electrode  but,  also,  an  inert  gas  back-up  shield. 

In  addition,  the  welding  head  must  have  an  inert  gas  trailing  shield  that 
will  isolate  the  welded  area  until  it  has  time  to  cool  down  to  approxi¬ 
mately  900“?.  It  is  suggested  that  all  welds  be  stress  relieved,  eilthough 
it  may  not  be  necessary  with  the  thin  gages  that  are  to  be  used. 
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The  ultimate  tensile  strength  (at  lOOO'F)  of  this  alloy  In  the  mill- 
annealed  condition  Is  73>000  psl.  The  alloy  can,  however,  be  heat- 
treated  to  strengths  upwards  to  9^>000  psl  (at  1000*F)  through  the  use 
of  a  solution  treatment  and  aging  process. 

The  ductility  of  this  alloy  Is  not  as  great  as  ^Al-2.^Sn,  although  It  Is 
better  than  most  of  the  other  titanium  alloys.  This  ductility  Is  said 
to  be  nondlrectlonal  and  applies  to  both  the  nonflller-type  weld  and 
parent  metal. 

This  alloy  Is  relatively  easy  to  roll  and  is  available  In  large  sheets 
(36"  X  96")  in  thicknesses  as  low  as  .016". 

The  alloy  has  been  used  successfully  In  other  cryogenic  applications; 
auid,  therefore,  some  low-ten^erature  property  data  was  available. 

This  tlteuiium  alloy  possesses  the  right  combination  of  the  desired  char¬ 
acteristics  as  outlined  earlier  and  was  recoiomended  for  the  proposed  test 
tank.  Utilization  In  the  mill-annealed  condition  eliminated  the  problem 
of  heat  treatment. 

The  overall  differences  between  the  5Al-2.5Sn  and  the  6Al-*tV  in  the  mill- 
annealed  state  Eire  quite  small.  'Bie  3Al-2.3Sn  has  the  greater  ductility 
at  cryogenic  temperatures  and  better  weldability.  On  the  other  hand,  the 
6a1-4v  has  higher  strength  at  elevated  temperatures  and  cEin  be  rolled 
Into  thinner,  more  uniform  gages.  For  the  7>000-gallon  test  tank,  the 
thinner  6A1-W  sheets  were  desirable  to  effect  minimum  tank  weight. 
Properties  of  mill-annealed  6a1-4v  are  presented  in  Figures  2  through  7* 
These  plots  were  obtained  from  data  available  at  the  time.  Extrapolation 
was  necessary  In  some  cases. 

1.1.8  Material  Tolerances 


The  selection  of  tolerances  for  the  sheet  materiel,  required  a  study  of 
cost  versus  weight  saving.  The  allowable  thickness  tolerance  on  the 
titanium  sheet  was  reduced  from  the  recommended  mill  practice  at  a  cost 
premium.  The  Increase  In  price  was  worthwlle  when  compared  to  weight 
savings  as  shown  by  the  following  analysis. 

Using  the  N65-IOO  configuration  as  reported  in  Reference  6,  the  ratio 
of  wet  weight  to  dry  weight  is: 

536,460  lb  /  145,040  lb  =  3.70 

2 

The  total  tank  skin  area  of  that  configuration  Is  13^430  ft  .  Based  on 
a  0.001”  thickness  reduction  over  the  entire  skin  area,  the  reduction 
In  weight  would  be 

(0.001)(13,430)(144)(0.161)  =  3II  lbs 
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FIGURE  2 

AVERAGE  TENSILE  STRENGTH  OF  6a1-W  ANNEALED  TITANIUM  ALLOY 
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FIGURE  3 

AVERAGE  ELONGATION  AND  REDUCTION  IN  AREA 

OF  6ai-4v  annealed  titanium  alloy 
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FIGURE  U 

YOUMG'S  MODULUS  OF  6a1-Uv  TITANIUM  ALLOY 
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FIGURE  5 

THERMAL  EXPANSION  OF  TITANIUM 
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T^vermture  (*F) 


FIGURE  6 

THERMAL  CONDUCTIVITy  OF  TITANIUM 
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FIGURE  7 

SPECIFIC  HEAT  OF  TITANUM 
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Teaperature  (“F) 


To  save  the  0.001"  in  skin  thickness,  the  manufacturer  will  charge  a 
tolerance  premium  for  special  mill  roll.  A  consejrvative  estimate  of 
this  premium  was  meule  at  $1.7^/lb.  The  actual  premium  was  closer  to 
$1.00/ lb.  The  total  weight  of  a  titanium  tank  for  the  N85-IOO  con¬ 
figuration  is  8,450  lbs  (based  on  room  temperature  tensile  allowables) 
with  a  resulting  tolerance  premium  of  ($1. 75/lb )8, 450)  =  $l4,8oO. 

The  ratio  of  wet  weight  (launch  weight)  to  dry  weight  (burnout  weight) 
being  3.70,  the  theoretical  weight  saved  at  launch  is  (3.70)(311)  =  1,150  lbs. 

Assuming  that  the  cost  of  fuel  will  be  $0.50/lb,  that  structural  cost 
is  $50/lb,  and  that  73^  of  the  total  launch  weight  is  fuel,  the  gross 
dollar  savings  of  the  1,150-lb  reduced  launch  weight  is: 

Fuel  (1,150)(0.73)($0.50)  =  $  h20 

Structure  (1,150)(0.27)($50)  =  15,500 

Gross  Dollar  Savings  =  $15,920 

Thus,  at  an  expense  of  $l4,800  for  tolerance,  a  net  savings  of 
$15,920  -  $l4,800  =  $1,120  per  launched  vehicle  is  effected.  The  actual 
premium  for  closer  tolerance  of  $1,00/ lb  would  have  increased  this 
savings  to  $7,470.  It  should  be  noted  that  such  dollar  savings  are 
gained  by  only  a  0.001"  savings  in  tolerances. 

Another  important  point  to  be  considered  is  the  maximum  wall  temperature 
of  the  tank.  As  the  maximum  operating  temperature  decreases,  the  design 
allowables  increase,  thereby  decreasing  skin  thickness.  As  the  skin  thick¬ 
ness  decreases,  a  .001"  saving  through  thickness  tolerance  represents  a 
larger  percentage  of  vehicle  cost.  This  is  illustrated,  using  the  H85-IOO 
configuration  with  fuel  cost  at  $0.50/ lb  and  fuel  weight  at  73^t  of  total 
tank  wet  weight,  in  Figure  8  where  net  savings  versus  operating  tempera¬ 
tures  for  various  structural  unit  costs  is  shown. 

As  a  result  of  this  study,  certain  reductions  in  sheet  tolerance  for  the 
test  tank  material  were  required  of  the  titanium  supplier.  The  O.OI8" 
thick  sheet  had  a  standard  tolerance  of  +  .003  in.  A  tolerance  of  +  .002" 
was  specified  on  this  sheet  effecting  a  0.001"  weight  savings  and  a''0.001" 
design  allowable  increase.  The  0.025"  thick  sheet  had  a  standard  tolerance 
of  +  .003".  A  tolerance  of  plus  .002"  minus  .001"  was  specified  providing 
a  oToOl"  weight  saving  and  a  .002"  design  edlowable  increase.  The  reason 
for  Including  this  design  parameter  for  the  test  tank  was  to  determine 
true  weights  and  cost  of  actual  cryogenic  flight  tanks. 

1.2  Material  Testing 

The  selection  of  mill-annealed  6a1-4v  titanium  as  the  tank  structural 
material  necessitated  sane  material  testing.  The  reasons  for  this  test 
are  given  below. 
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(a)  The  materled  vas  relatively  nev,  thus  naterial  properties 
at  cryogenic  and  elevated  temperatures  were  limited 
particularly  for  the  welded  specimens. 

(b)  Fabrication  methods  such  as  fusion  welding  of  thin  sheet 
and  requirement  for  stress  relief  must  be  verified  prior 
to  actual  tank  construction. 


Before  the  welded  test  specimens  could  be  prepared,  it  was  necessary 
for  the  fsdsrlcation  personnel  to  develop  suitable  methods  of  welding 
that  would  guarantee  good  welds.  Using  the  titanium  manufacturer's 
welding  reconmendations  as  a  guide,  a  series  of  welding  techniques 
were  employed  in  an  effort  to  determine  the  optimum  settings  for  the 
welding  speed  and  the  argon  gas  feed.  Table  1  presents  a  record  of 
this  welding  test  work.  The  settings  that  were  used  in  Sheets  No.  9 
through  17  produced  welds  of  good  quality,  and  all  tensile  and  bend 
specimens  were  prepsured  from  these  sheets.  The  sheets  were  vapor 
degreased  and  burrs  were  removed  by  filing  and  all  of  the  sheets  were 
welded  with  the  following  equipment: 

Welder  Miller  direct  current  welder.  Model  SR-200 

Torch  Linde  Heli-Arc  Torch,  Model  H.W.I8,  No.  7 

ceramic  cup 

Electrode  Tungsten  2^  thoria  finish  centerless  ground, 

.0^0  diameter  ground  to  a  point 

Back-up  bar  1020  steel,  groove  I/8"  wide,  .020"  deep, 

3/64"  diameter  orifices,  staggered  1-1/2"  apart 
along  edge  of  groove. 


1.2.1  Tens lie  Testii 


Specimens  were  prepared  in  accordance  with  Beechcraft  Specification 
6157  which  is  presented  in  the  Appendix  of  this  volume.  Prior  to 
shearing  the  specimens  from  the  welded  sheets,  X-ray  pictures  were 
tedien.  In  addition,  the  welds  were  leak  checked  with  a  n»BS  spectro¬ 
meter  assuring  that  the  welds  were  leaktlght. 


1.2. 1.1 


srature  Tests 


The  twelve  (12)  specimens  were  sheared  to  a  constant  one-half- inch 
width  as  an  economy  measure  instead  of  the  conventional  dumbbell  shape. 


Figures  9  and  10  show  the  pulled  specimens  with  their  respective  parent 
aetsUL  grain  direction.  Each  specimen  is  identified  with  its  ultimate 
tensile  strength  and  per  cent  elongation  in  two  (2)  inches.  Specimens 
&!  ,  Og  ,  G3  ,  and  Gj^  were  notched  .032"  on  each  edge  of  the  weld. 
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TABLE  I 

6ai-4v  titanium  allot  weld  test  strips 

(PER  BEECH  SPECIFICATION  6157) 


SHEET 

NO. 

WELDING 

BEND  TEST 

1 

Weld  area 
cleaned  and 
wiped  with 
lint -free 
cloth 

Amperes :  30 

Argon  gas; 

15  ft^/hr  @  torch 

3  ft'^/hr  @  hacjc-up 

Weld  Speed:  I6  I.P.M. 

Failed 

Showed 

some 

gas 

porosit; 

and 

gas 

holes 

2 

Same  as 

No.  1 

Amperes:  32 

Argon  gas: 

15  ft^/hr  @  torch 

5  ftvhr  @  hack-ui 

Weld  Speed:  I8  I.P.M. 

Failed 

Showed 

trace 

of 

gas 

3 

Same  as 

No.  1 

Amperes:  33 

Argon  gas: 

15  ft^/hr  @  torch 

5  ftVhr  @  back-ui 

Weld  Speed: 

21.5  I.P.M. 

Specimens  stress 
relieved  ©  1000“ 
for  15  minutes. 
Transverse  ok. 
Longitudinal 
failed  at  edge  of 
weld. 

Showed 

trace 

of 

gas 

1 

Same  as 

No.  1 

Amperes:  29 

Argon  gas: 

16  ft^/hr  @  torch 

5  ftvhr  @  back-ui 

Failed 

Showed 

trace 

of 

gas 

5 

Same  as 

No.  1 

Amperes :  3I 

Argon  gas: 

15  ft^/hr  @  torch 

5  ft^/hr  ©  back-ip 

Weld  Speed:  I8  I.P.M. 

Failed 

Showed 

Good 

Qluallty 
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TABU!  I  (continued) 

6a1-Uv  TITAHHIM  alloy  weld  test  strips 

(PER  BEECH  SPECIFICATION  6157) 


WELDING 


Weld  area  was 
cleaned  by 
scrubbing 
with  Ajax  and 
wiped  with 
lint -free  al¬ 
cohol  cloth 


Same  as 

No.  6 


Same  as 

No.  6 


Weld  area 
was  cleaned 
with  steel 
wool  to  re¬ 
move  oxides 
and  wiped  w/ 
lint -free 
cloth 


Same  as 
No. 


Amperes:  30 
Argon  gas: 

15  ft^/hr  ®  torch 
5  ft^/hr  @  back-up 

No  gas  in  trailing 
shield 


Amperes :  30 
Argon  gas: 

15  ft^/hr  §  torch 
3  ftVhr  @  shield 

V.'eld  Speed: 

15.5  I.P.M. 


Amperes:  3I 
Argon  gas: 

15  ft^/hr  ©  torch 
5  ft^/hr  @  back-up 
15  ftVhr  ®  shield 


Amperes:  3I 
Argon  gas: 

15  ftyhr  @  torch 
5  ftyhr  @  bactoqp 
20  ft^/hr  @  shield 

Weld  Speed:  15  I.P.M. 


Same  as 
No.  9 
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FIGURE  9 

ROOM  TEMPERATURE  TENSILE  TESTS 

6ai-4v  anneaied  titanium  ahoy 


Gje  W«ld  Notch 


ftuslSS.OOO  2%E 


144,000  8%E 

Ojc  Weld  Notch 
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FIGURE  10 

ROOM  TEMPERATURE  TENSILE  TESTS 
eAl-JfV  ANNEALED  TITANIUM  ALLOY 
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nils  vas  done  to  Insure  failure  in  the  weld  material  and  no  attempt  was 
made  to  duplicate  ASIM  notched  tensile  specimens.  The  test  areas  were 
liquid  honed  to  remove  any  burrs. 

All  of  the  specimens  failed  In  the  parent  metal  area  or  the  notched 
weld  area,  except  Specimen  No.  03®,  which  failed  in  the  unnotched  weld 
area.  Examination  of  the  X-ray  of  this  specimen  showed  a  dark  area 
approximately  .06  Inches  In  length  at  the  edge  of  the  weld.  This  poro¬ 
sity  was  caused  by  the  difficulty  of  starting  a  weld  at  the  edge  of  the 
original  sheet  and  undoubtedly  accounted  for  the  irrational  weld  fracture. 
The  average  ultimate  tensile  stress  for  the  parent  metal  was  1^3,000  psl 
with  8^  elongation  in  2  inches  (transverse  grain)  and  139,000  psl  with 
10^  elongation  In  2  inches  (longitudinal  grain).  These  values  compared 
favorably  with  the  manufacturer's  guaranteed  minimum  values  of  130,000  psl 
with  8^  elongation  In  2  Inches. 

1.2. 1.2  loop*?  Testing 

Fourteen  (1^)  tensile  specimens  were  tested  at  lOOO’F  by  Titanium  Metals 
Corporation  of  America  at  Toronto,  Ohio.  The  specimens  were  welded  by 
Beech,  but  milled  to  final  size  by  T.M.C.A.  The  test  furnace  temperature 
was  stabilized  at  1000*F  a.id  each  specimen  was  held  at  this  temperature 
for  ten  (lO)  minutes  prior  to  applying  the  tensile  load. 

Figures  11  and  12  show  the  separated  specimens  with  respective  parent 
metal  grain  direction.  Each  specimen  In  these  figures  is  identified  with 
Its  yield  and  ultimate  tensile  stress  plus  the  per  cent  elongation  In  two 
(2)  Inches.  Specimens  B3  and  Bj,.  were  notched  .032"  on  each  edge  of  the 
weld  to  produce  failure  In  the  weld  material. 

The  average  ultimate  tensile  stress  for  the  parent  metpl  was  8^,300  psl 
with  12. 3^  average  elongation  in  2"  (transverse  grain)  and  78,600  psl  with 
15.  yf»  average  elongation  In  2”  (longitudinal  grain).  The  average  ultimate 
tensile  stress  for  the  weld  metal  was  83,800  psl  with  6^  average  elonga¬ 
tion  In  2"  (transverse  grain)  and  8o,200  psl  with  8.3)(  average  elongation 
In  2"  (longitudinal  grain). 

Ihese  values  compare  favorably  with  Battelle  published  data  of  7^,000  psl 
ultimate  stress  and  60,000  psl  yield  stress. 

Specimens  Ci>  C2,  C3,  and  Ch  which  were  pulled  hj®  to  the  grain  direction 
showed  an  ultimate  tensile  strength  consistently  2(ff)  less  In  value  thai). 
the  transverse  and  longitudinal  grain  specimens. 

1.2. 1.3  Weld  Gap  and  Mismatch  Testing 

With  poor  Joint  fltup  it  is  difficult  to  properly  weld  thln-gage  titanium 
sheets.  Poor  fltup  enables  the  molten  metal  to  fall  through  Instead  of 
fusing  to  form  a  welded  Joint  and  increases  the  possibility  of  contamination 
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from  air  trapped  In  the  Joint.  A  series  of  tests  vere  performed  to 
determine  the  effect  of  the  gap  and  mismatch  on  the  strength  of  the 
veld. 

nie  titanium  manufacturer  recommended  a  maximum  root  opening  (gap)  of 
0.002  Inch  for  thin  sheets.  During  fabrlcatlra  shearing  and  trimmlngi 
the  maximum  root  opening  could  be  exceeded;  consequently,  a  series  of 
tensile  tests  vere  conducted  to  determine  the  strength  of  various 
velded  gaps.  Figure  I3  shovs  the  tested  specimens  vlth  their  respec¬ 
tive  grain  direction. 

■nie  specimens  vere  velded  together  after  the  gap  vas  carefully 
measured  vlth  a  feeler  gage.  Specimens  vlth  gaps  larger  than  .007 
inch  could  not  be  effectively  fuslon-velded  together.  All  of  the 
specimens  failed  in  the  parent  metal  except  the  .007*  Sap  specimen 
vhlch  failed  In  the  veld.  Even  though  the  specimens  vlth  .006"  gap 
proved  to  have  sufficient  veld  strength,  veldlng  of  long  seams  vlth 
this  much  gap  vas  erratic.  Table  2  lists  the  various  gapped  specimens 
and  the  resulting  ultimate  tensile  strengths. 

Ibe  next  series  of  tensile  tests  Included  specimens  vlth  ccnblned  mis¬ 
match  and  gap.  This  combination  of  Joint  fltup  actually  occurred.  Hie 
specimens  vere  prepared  In  a  veld  fixture  using  a  shim  to  produce  the 
desired  mismatch.  Hie  specimens  are  listed  In  Table  3  shoving  gap  and 
mismatch  combinations  tested  plus  their  respective  strengths.  Figure  ih 
shovs  the  failed  specimens  with  the  grain  direction  noted. 

It  vas  concluded  that  the  maximum  veldlng  gap  be  maintained  at  the 
manufacturer's  recommendation  of  0.002  inch  In  combination  Vl'th  a  maxi¬ 
mum  mismatch  of  0.003  Inch.  In  cases  vhere  no  mismatch  vould  exist, 
the  maximum  gap  vas  extended  to  0.00^  Inch. 

From  the  limited  number  of  specimens  tested,  It  vas  concluded  that  the 
veld  material  properties  as  ccmipared  to  the  parent  metal  vere  l8^ 
higher  In  yield  strength,  2d^  higher  In  ultimate  tensile  strength,  and 
29^  lover  in  per  cent  elongation. 

1.2.2  Bend  Testing 

Bend  test  specimens  vere  prepared  In  accordance  vlth  Beechcraft  Specifi¬ 
cation  61^7  and  discussed  In  the  follovlng  sections. 

1.2. 2.1  Room  Temperature  Testing 

Series  L  and  M  specimens  vere  tested  vlth  various  bend  radii.  Figure  13 
shows  the  result  of  the  tests.  All  of  the  specimens  shoved  acceptable 
(hxstlllty  except  Mi,  ¥l2t  ^3;  and  M4.  The  veld  areas  of  specimens  Mi  and 
VI2  fractured  abruptly  vlth  a  U.5t-bend  radius.  The  veld  ai^as  of  speci¬ 
mens  M^  and  Mj^  freustured  vlth  an  dt-bend  radius.  Additional  tests  vlth 
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FIGURE  13 

PBOTOGRAPH  OF  GAP  WELDED  TENSILE  SPECIMENS 

(.oi6t,  .\nnealed  titanum,  rocm  temperature  test) 
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FIGURE  13  (continued) 
PHOTOGRAPH  OF  GAP  WELDED  TENSILE  SPECIMENS 
tOl6t,  6a1-4v  ANNEAIED  titanium,  R0(»<  TEMPERATURE  TEST) 
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TABLE  2 

GAP  1®LDED  TENSILE  SPECIMENS 
(.Ol6t,  6A1-1^V  ANNEALED  TITANIUM,  ROC»<  TEMPERATURE  TEST) 


iaeh. 


Ztald 

lEtlaita 

Hoag. 

II 

pal 

pal 

^11 

II 

Itoant 

Natal 
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TABLE  3 

GAP  AND  MISMATCH  IVELDED  TENSILE  SPECIMENS 
(.Ol6t,  6A1-1+V  ANNEALED  TITANIUM,  ROC»I  TEMPERATURE  TEST) 


li 

Cap 

MlflMteh 

Yield 

Ultlnetc 

Hong. 

II 

IL 

loeh 

laeh 

pel 

pel 

jte" 

II 

lA 

.000 

.003 

127,500 

135,700 

5 

E53H 

IB 

.000 

.003 

128,700 

135,200 

Bi 

H 

1C 

.000 

1 

.003  i 

136,300 

148,800 

n 

Bi 

ID 

.000 

.003 

137,100 

148,700 

8.5 

tt 

2k 

.002 

.003 

121,600 

144,100 

IB 

■ 

2B 

.002 

.003 

126,200 

149,300 

8.5 

n 

2C 

.002 

.003 

129,300 

136,500 

8.5 

tt 

E9 

.002 

.C03 

130,200 

136,600 

4.5 

tt 

Bi 

.002 

.000 

128,100 

134,900 

n 

tt 

3B 

.002 

.000 

128,000 

135,500 

8.5 

It 

X 

.002 

.000 

135,100 

149,600 

6 

tt 

m 

.002 

.000 

138,600 

149,600 

6 

tt 

4a 

.000 

.000 

123,900 

135,700 

10 

tt 

4b 

.000 

.000 

128,400 

136,200 

10 

tt 

4c 

.000 

.000 

137,600 

1  149,100 

10 

tt 

4d 

.000 

.000 

139,000 

148,900 

9 

■ 
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TABLE  3  (continued) 

GAP  AND  MISMATCH  WELDED  TENSILE  SPECIMENS 
(.0l6t,  6a1-4v  annealed  titanium,  ROCM  temperature  TEST) 


R 

0»p 

NlaMteh 

Wtld 

Ultlmt* 

ELong. 

Rtaeture 

location 

iBOh 

laoh. 

pti 

pul 

9A 

.002 

.003 

126,il00 

137,700 

B 

Buront 

Metal 

5B 

.002 

.003 

127,200 

136,300 

5.5 

B 

5C 

.002 

.003 

131,000 

1UA,300 

4.5 

B 

m 

.002 

.003 

138,200 

150,600 

B 

H 

6k 

.000 

.003 

127,000 

135,300 

8 

B 

6b 

.000 

.003 

130,900 

138,700 

B 

B 

6c 

.000 

.003 

129,700 

144,900 

5.5 

It 

6s 

.000 

.003 

128,iK)0 

144,800 

B 

II 

7A 

.002 

.000 

138,700 

150,000 

8.5 

H 

7B 

.002 

.000 

140,900 

151,600 

B 

n 

7C 

.002 

.000 

118,700 

131,400 

5 

tt 

7D 

.002 

.000 

125,300 

138,100 

6 

B 

8A 

.000 

.000 

129,800 

135,900 

8 

B 

8b 

.000 

.000 

126,900 

134,600 

B 

ti 

8C 

.000 

.000 

135,900 

148,700 

B 

tf 

ap 

.000 

.000 

136,200 

149,300 

B 

n 
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FIGURE  Ik 

PHOTCGRAPH  OF  GAP  AKD  MISMATCH  1. 'ELDED  TENSILE  SPECIMENS 
(.Ol6t,  6a1-Uv  annealed  titanium,  room  TEMPERATURE  TEST) 
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FIGURE  lit  (continued) 

PHOTOGRAPH  OF  GAP  AND  MISMATCH  WELDED  TENSILE  SPECIMENS 
(.Ol6t,  6Al-itV  ANNEALED  TITANIUM,  ROCM  TEMPERATURE  TEST) 
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FIGURE  (continued) 

PHOTCGRAPH  OF  GA?  AND  MISMATCH  l.'ELDED  TENSILE  SPECIMEKS 
(.Ol6t,  6a1-4v  annealed  titanium,  room  temperature  TEST) 
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FIGURE  l4  (continued) 

PHOTOGRAPH  OF  GAP  AND  MISMATCH  VEIDED  TENSILE  SPECIMENS 
(.Ol6t,  6a1-1iV  annealed  titanium,  ROa^  TEMPERATURE  TEST) 
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FIGURE  15 

ROOM  TEMPERATURE  BEND  SPECIMENS 
6a1-4v  annealed  TITANIUM  ALLOY 
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lOt-bend  radius  were  required  to  prove  acceptable  weld  ductility. 

1.2. 2. 2  -320“?  Testing 

Series  N  and  P  specimens  were  bend  tested  at  liquid  nitrogen  temperature. 
The  103“  vee  block  was  placed  in  a  small,  foam-insulated  container  of 
11(2  'to  toe  atmosphere  and  the  specimen  allowed  two  minutes  to  reach 
equilibrium  temperature.  Figure  16  presents  photographs  of  these  specimens. 

Transverse  welded  specimens  Pi  and  P4  fractured  abruptly  at  lOt-bend 
radius  while  specimens  P2  and  P^  with  the  same  bend  radius  showed 
acceptable  ductility.  A  bend  radius  of  lOt  appeared  marginal  at  liquid 
nitrogen  temperature  for  the  transverse  specimens. 

Longitudinal  welded  specimen  N2  with  8t  bend  radius  showed  acceptable 
ductility.  Specimen  with  U.3t  bend  radius  showed  a  slight  weld 
fracture. 


1.2.2. 3  -423“F  Testing 

A  thorough  investigation  of  the  equipment  and  time  required  to  conduct 
small-scale  pressure -vessel  burst  tests  at  liquid  hydrogen  temperatures 
was  made.  Such  testing  would  permit  evaluation  of  whether  brittle  or 
ductile  fracture  occurs  and  the  correlation  of  uniaxlEil  properties  with 
actual  biaxial  stresses.  It  was  concluded  from  this  study  that  such  a 
testing  program  was  beyond  the  scope  of  the  present  contract. 

It  was  felt  desirable  to  make  a  token  test  by  subjecting  a  test  specimen 
to  combined  uniaxial  loading  plus  bending  at  liquid  hydrogen  temperature. 
No  implication  was  Intended  that  such  a  test  would  provide  correlation 
between  the  test  tank  strength  and  the  theoretical  analysis,  but  it  pro¬ 
vided  an  indication  of  the  ability  of  the  material  to  stretch  and  bend 
at  -U23*F. 

The  test  equipment  consisted  of  a  titanium  die  block  that  had  a  machined 
contour  matching  the  most  severe  calculated  deflection  curve  as  deter¬ 
mined  by  the  discontinuity  stress  analysis.  The  worse  deflection  was 
found  at  the  skirt-hemisphere  transition  and  was  taken  at  U3  psl  tank 
pressure. 

The  specimen  was  made  from  .023”  thick,  6a1-4v  sheet  and  bolted  to  the 
die  block  as  shown  in  Figure  I7.  The  distance  between  bolts  was  calcu¬ 
lated  for  a  stress  range  in  the  specimen  of  U4,600  psl  to  100,000  psi 
with  the  specimen  fully  deflected.  This  range  of  stress  was  caused  by 
the  accumulation  of  tolerances.  Ihe  analyses  of  stresses  and  the 
determination  of  die-block  contour  are  found  in  Reference  3« 
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FIGURE  17 

6ai-4v  titanium  alloy  specimen  and  die  block  for 
H:ND  testing  at  -423*F 
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A  total  of  nine  (9)  specimens  were  prepared  as  shown  below. 

(a)  Three  (3)  specimens  had  longitudinal  welds  and  a  trsunsverse 
grain  direction. 

(b)  Three  (3)  specimens  had  longitudinal  welds  and  longltudlnsd 
grain  direction. 

(c)  Three  (3)  specimens  had  longitudinal  and  transverse  welds 
and  a  longitudinal  grain  direction. 

The  test  requirements  for  each  specimen  were; 

(a)  Acceptable  weld  under  X-ray  Inspection. 

(b)  Place  specimen  on  die  block  with  transverse  weld  located 
within  .030  Inch  of  die  block  centerline.  Tighten  bolts 
to  18-20  In-lb  of  torque. 

(c)  Fill  dewar  with  LH2  and  maintain  liquid  level  approximately 
6  inches  above  guide. 

(d)  Deflect  specimen  Into  die  block  by  applying  3OO  +  23  psl 
pressure  within  a  13-8econd  time  period  and  hold~for  I3 
seconds . 

(e)  Repeat  load  cycle  ten  times. 

(f)  X-ray  all  specimens  for  cracks  In  parent  heat-affected  or 
weld  zones. 

Results  of  the  tests  showed  that  the  test  specimens  retained  sufficient 
ductility  at  -U23"F. 

The  effect  of  combined  axial  tension  and  bending  plus  cryogenic  tempera¬ 
ture  over  a  period  of  time  on  the  ductility  of  6a1-*+V  was  tested  as 
follows : 

(a)  The  specimen  was  deflected  ten  (10)  times  as  previously 
outlined. 

(b)  The  specimen  was  then  held  In  fully  deflected  position  for 
twelve  hours  at  liquid  hydrogen  temperature. 

(c)  The  specimen  was  then  deflected  ten  (10)  more  times. 

(d)  Steps  (b)  and  (c)  were  repeated. 

(e)  The  specimen  was  then  subject  to  X-ray  crack  Inspection. 

Ro  cracks  were  propagated  In  any  of  the  specimens. 
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1.2.3  Hydrogen  Effects  on  Tensile  Specimens 


The  principal  known  source  of  hydrogen  contamination  In  titanium  alloys 
occurs  in  the  sponge-to-alloy  metal  conversion  and  during  scaling  and 
acid  pickling  operations.  All  available  reports  Indicated  that  contami¬ 
nation  during  service  should  not  occur  If  certain  temperature  and  pres¬ 
sure  levels  are  not  exceeded.  Information  from  material  manufacturers 
lead  to  the  conclusion  that  there  should  be  no  significant  hydrogen 
absorption  with  100^  H2  environment  If  the  metal  temperature  Is  below 
300“F  and  the  pressure  Is  below  several  atmospheres. 

To  provide  substantiation  of  this  information,  several  specimens  were 
exposed  to  a  hydrogen  gas  atmosphere  under  approximately  I8  psl  pressure. 
The  specimens  were  placed  Into  test  tubes,  purged,  and  pressurized  with 
100^  hydrogen  gas  at  room  temperature.  The  tests  were  conducted  at  room 
temperature  and  200®F  +  25‘’F.  Table  4  lists  the  respective  test  condi¬ 
tions  for  each  specimen  together  with  their  respective  strength  level. 
Figure  18  Identifies  the  failed  specimens.  Specimen  YI8  was  the  only 
one  of  the  2k  specimens  that  separated  In  the  weld;  the  cause  was  not 
detezmlned.  X-ray  inspection  showed  acceptable  welding  In  all  specimens. 

The  average  strength  of  all  specimens  was  133,800  psl  yield  strength  and 
144,200  pal  ultimate  tensile  strength.  The  average  ductility  was  7«7^ 
elongation  in  2  Inches.  These  strength  values  sure  still  4,5^  better  than 
the  manufacturer's  published  typical  values.  The  low  per  cent  elongation 
reflects  weld  ductility.  No  definite  material  property  trends  as  a 
function  of  time  exposure,  temperature  or  pressure  conditions  were 
detected.  It  was  concluded  that  the  temperature,  pressure  and  time  element 
of  liquid  hydrogen  in  the  test  tank  would  not  affect  the  structural 
material. 


1.2.4  Single  Versus  Two-Pass  Welds 

The  material  supplier  pointed  out  that  some  shops  prefer  several  passes 
using  a  very  low  heat  input  each  time  to  avoid  excessive  grain  growth. 

The  tests  of  single-pass  welds  had  revealed  sufficient  strength  and 
ductility;  however,  it  was  anticipated  that  multiple-pass  welding  might 
be  necessary  where  difficulties  were  encountered  on  the  first  pass. 

Initial  tests  on  four  specimens  with  a  0.2CX)-lncb-wldth  necked  section 
revesded  slightly  higher  strength  resulted  from  two-pass  welding. 

Additional  testing  of  twenty  more  specimens  was  made  to  verify  the  weld 
strength  characteristics.  Tables  5  and  6  list  the  results  of  these  tests. 
The  double-pass  welds  again  showed  higher  strength  than  the  single-pass 
weld  while  showing  no  appreciable  difference  in  per  cent  elongation.  Some 
difficulty  was  experienced  during  these  tests  with  failure  occurring  at 
the  gripping  holes  attributed  to  poor  specimen  preparation.  Figures  19 
and  20  show  the  failed  specimens  along  with  their  respective  grain 
directions. 
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TABLE  4 

WELDED  TENSILE  SPECIMENS  EXPOSED  TO  GASEOUS  HYDROGEN  ENVIRONMENT 
(.Ol6t,  6a1Av  ANNEALED  TITANIUM,  ROCM  TEMPERATURE  TEST) 
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TABLE  ^  (continued) 

VOIDED  TENSILE  SPECIMENS  EXPOSED  TO  GASEOUS  HYDROGEN  ENVIROIWENT 
(.Ol6t,  6a1-4v  ANNEALED  TITANIUM,  ROOM  TEMPERATURE  TEST) 


^27 

18 
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134,000 

145>900 
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■ 
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FIGURE  l8 

PHOTOGRAPH  OF  WELDED  TENSILE  SPECIMENS 
EXPOSED  TO  GASEOUS  HYDROGEN  ENVIRONMENT 

(.oi6t,  6ai-4v  annealed  titanium,  ro(»i  temperature  test) 


k2 
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FIGURE  l8  (continued) 
FECTCGRAPH  OF  1-ffilDED  TENSILE  SPECIMENS 
EXPOSED  TO  GASEOUS  HYDROGEN  ENVIRONMENT 
(.016,  6a1-4v  ANNEALED  TITANIUM,  ROOM  TEMPERATURE  TEST) 
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FIGURE  18  (continued) 

PHOTOGRAPH  OF  IffilDED  TENSILE  SPECIMENS 
EXPOSED  TO  GASEOUS  HYDROGEN  ENVIRONMENT 
(.Ol6t,  6Al-kV  ANNEATED  TITANIUM,  ROOM  TEMPERATURE  TEST) 
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TABLE  5 

SINGLE -PASS  WELD  TENSILE  SPECIMENS 
(.Ol6t,  6a1-UV  annealed  titanium  room  temperature  TEST) 


^+5 
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TABLE  6 

DOUBLE -PASS  VELD  TENSILE  SPECIMENS 
(.Ol6t,  6a1-1vV  ANNEALED  TITANIUM  ROOM-TEMPERATURE  TEST) 


.00752 


mtlmt* 

Stzvss 


Ib/ln® 


iU3,ooo  15^,000 


LOMtlOB 


.00750  126,000  170,000 


0^  .00762  126,700  lUl,800 


llt0,000  132,000 


Dj  .00756  131,600  139,000 


1:^  .00753  130,000  137,000 


131,000  lU2,000 


.00768  130,000  137,000 


.00767  Fractured  ii  i  fioles 


Dyj  .00764  120,000  139,000 


.00777  129,000  140,000 
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FIGURE  19 

(  SUKJLE-EASS  WELD  THSHE  SFKIMBIS 

(.016  t,  6a1-4v  Annealed  Titanlia  Room  TH^erature  iteat) 
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FIGURE  19  (conbinued ) 

PHOTOGRAPH  OF  SINGLE-PASS  WELD  TENSILE  CPECSffiNS 

(.oi6t,  6ai-W  annealed  titanium  room-temperature  test) 
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FIGURE  20 

PHOT^RAPH  OP  DOUBLE-PASS  WELD  TENSILE  SPECIMENS 
(.016t,  6a1-4V  annealed  TITANIUM  ROCM -TEMPERATURE  TEST) 
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1.2.5  simulated  Weld  Porosity  Tests 


A  series  of  tests  vas  conducted  to  establish  a  basis  for  determining 
weld  acceptability  of  6a1-4v  titanium  alloy.  These  tests  were  performed 
because  of  the  lack  of  suitable  standards  regarding  acceptability  of 
welded  Joints  containing  gas  pockets,  entrainments  and  Inclusions. 

All  specimens  were  prepared  and  tested  In  accordance  with  Beech  Specifi¬ 
cation  7262.  An  exception  was  the  machining  in  the  test  area  required 
to  prevent  breakage  at  the  holding  Jaws.  Microphotographs  at  lOOX  mani- 
ficlation  (Figures  21  and  22)  were  taken  of  Specimens  T-I-I38-I97  and 
B-2-1 38-98  to  determine  the  exact  hole  size  and  shape  prior  to  testing 
and  to  Identify  surface  irregularities  after  a  typical  bepd  test.  All 
holes  were  drilled  on  a  precision  drill  press  operated  at  7,000  rpm. 

Actual  drill  sizes  used  were  0.0135,  O.OI56,  and  0.0l80-inch  diameters. 
Bend  specimens  were  tested  using  a  lOt  bend  radius. 

The  test  specimens  were  Identified  as  follows: 

(a)  The  first  letter,  T  or  B,  denotes  tensile  or  bend  specimen 
respectively. 

(b)  The  first  number  indicates  number  of  holes  in  specimen. 

(c)  The  second  number  denotes  hole  diameter  in  ten  one-thousandths 
of  an  Inch. 

(d)  The  third  number  denotes  distance  that  the  holes  were  located 
fran  the  reference  line  expressed  in  hundredths  of  an  inch. 

(e)  Example:  B-3-156-97  is  a  bend  test  specimen  with  three 
.0156-inch-diameter  holes  located  0.9700  inch  from  the  refer¬ 
ences  line. 

Each  bend  specimen  was  thoroughly  Inspected  at  JX  magnification  and  spot 
checked  at  lOOX  magnification.  Tables  7  and  8  present  the  results  which 
appeared  generally  good.  The  bend  specimens  displayed  a  tendency  sus¬ 
pected  to  be  that  of  grain  boundary  movement  causing  some  graphs  to  pro¬ 
trude  as  surface  irregularities.  This  condition  is  shown  in  Figure  22. 

To  prove  this  supposition  correct,  the  specimen  was  polished  to  remove 
a  surface  depth  of  approximately  0.002  inch.  Ibis  removed  the  irregulari¬ 
ties  completely  as  shown  in  the  microphotograph  (Figure  23),  and  there 
were  no  traces  of  cracks  or  imperfections. 

!nie  tensile  specimens  were  machined  to  approximately  O.850  inch  wide  by 
2.0  Inches  long  in  the  test  area.  The  specimens  were  then  tested  with 
satisfactory  results  except  for  elongation  and  yield  strength.  The  low 
yield  strength  as  noted  on  most  of  the  specimens  is  not  an  accurate 
reading  due  to  slippage  in  the  Jaws.  This  slippage  occurred  due  to 
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FIGURE  21 

PHOTOGRAPH  OF  DRILLED  HOLE  IN 
TITANIUM  SIMJLATED  POROSITY  SPECIMEN 
(100  X  size ) 
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FIGURE  21 

PHOTOGRAPH  OF  DRILLED  HOLE  IN 
TITANIUM  SIMULATED  POROSITY  SPECIMEN 
(100  X  size) 
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TABLE  7 

SIMULATED  WELD  POROSITY  TEST 
BEND  TEST  RESULTS 
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TABIE  8 

SIMULATED  WELD  POROSITY  TEST 
TENSIIE  TEST  RESULTS 


- iron - 

nunie  Mo^  i8trBng.t>l(Bgl ). 

Ultimate  JSle 

tngatlon 

'Location  of 
Jrasiaxs _ 

T-l-138-100  1130,000 

148,000  ; 

10.5 

0.utsJ  do.  Weld 

T-l-138-99 

128,000 

146,000  I 

9.5 

putslde  Weld 

Trlr.130-98  ;137iOOO 

152,000 

10.0 

Oiitelde  Weld 

T-l-138-97 

131,000 

148,000 

9>0 

OutsMe  Weld 

T-1-1 38-96 

133,000 

149,000 

9.5 

outside  Weld 

T-2rl38-XQ0 

133,000 

150,000 

9-0 

outside  Weld 

T-2-138-99 

132,000 

151,000 

9.0 

.Outside  Weld 

T-2-138-96 

128,000 

145,000 

5.0 

In  Weld 

T-S-138-97  ,134,000 

151,000 

7*5 

Outside  Weld 

T- 3-1 38-100 

116,000 

146,000 

6.5 

Outside  Weld 

T-3-138-99 

122,000 

147,000 

12.0 

outside  Weld 

T- 3-138.-90 

120,000 

152,000 

8.0 

Outside  Weld 

T- 3-130-97 

113,000 

144,000 

9.0 

Outside  Weld 

r-3-138-96 

116,000 

146,000 

9.0 

Outside  Weld 

rr4-138-100 

107,000 

144,000 

4.0 

In  Weld 

r-4.138,99 

109,000 

144,000 

10.0 

Outside  Weld 

1-4-136-98 

110,000 

144,000 

9.0 

Outside  Weld 

r-4 -138-97 

103,000 

144,000 

4.0 

In  Weld 

r.4-1 36-96 

113,000 

146,000 

8.0 

Outside  Weld 

r-l-159-lOO 

1  ; 

Specimen  not  jnachlned  and  tiroke  at  ed^  of  Jaws. 

r-1-159-99 

Specimen  not  jnacbined  and  broke  at  ec4;e  of  Jaws. 

r-l-159-90 

135,000 

149,000 

0.0 

Outside  Weld 

r-l-159-97 

133,000 

148,000 

9.25 

Outside  Weld 
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TABLE  8  (continued) 
SIMULATED  WELD  POROSITY  TEST 
TENSILE  TEST  RESULTS 
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FIGURE  23 

PHOTOGRPJ>H  OF  POLISHED  SURFACE 
REMOVING  SURFACE  IRREGULARITIES 
(100  X  size ) 
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insufficient  gripping  area.  Therefore,  it  was  recommended  that  all  future 
specimens  should  be  approximately  nine  (9)  Inches  long  to  provide  ade¬ 
quate  "grip  area." 

In  the  opinion  of  the  laboratory,  the  specimens  met  the  minimum  require¬ 
ments  for  6a1-^V  titanium  alloy,  except  as  noted,  and  are  considered 
uceptable  for  production  welds.  Figure  24  illustrates  the  corrected 
acceptability  limits. 

1.3  Fabrication 


1.3.1  Heating  Treating  Study 

One  of  the  prime  reasons  for  using  6a1-4v  in  the  mill-annealed  condition 
was  to  eliminate  a  heat  treatment  while  still  maintaining  a  good  strength- 
to-welght  ratio. 

It  was  Judged  desirable  to  have  the  capability  of  heat  treating  large 
thin-skinned  tanks  in  order  to  effect  higher  strength-to-weight  ratios. 
Inquiries  were  sent  to  several  large  heat-treating  firms.  Several  of 
the  companies  considered  heat  treating  local  weld  areas  as  a  possible 
solution  whereby  the  tank  would  be  fabricated  from  heat-treated  sheets. 
Llndberg  Industrial  Corporation  considered  the  construction  of  a  controlled 
atmosphere  furnace  30  feet  in  diameter  by  I73  feet  long  as  a  feasible 
solution  for  the  II83-IOO  propellant  tank. 

The  heat-treating  concept  was  based  upon  the  ability  of  the  tsuok  to  sup¬ 
port  Itself.  This  would  require  maintaining  3  to  3  psl  tank  gage  pressure. 
The  furnace  sections  would  be  assembled  around  the  tank  and  sealed  for 
atmosphere  control.  The  furnace  would  require  approximately  90  heat  con¬ 
trol  zones.  Water  nozzles  would  be  required  to  quench  a  tltsmium  tank. 

Heat  treating  a  422  stainless  steel  tank  was  considered  simpler  than 
heat  treating  a  6a1-4v  tank  due  to  elimination  of  the  water  quench  and 
less  critical  atmosphere  control. 

For  the  smaller  10-ft  to  I2-ft  diameter  vessels,  Llndberg  suggested  verti¬ 
cal  heat  treating  chambers  similar  to  the  type  used  for  solid  propellant 
cases. 
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FIGURE  24 

RADIOGRAPH  INSPECTION  LIMITS  FOR  6a1-4v  TITANIUM  WEID 

(annealed  and  no  filler  wire) 


TR  60-43(111) 


58 


Maxlmitn  inclusion  Length  Width  (L)  (<  of  Nominal  Skin  Tbickness) 


2.0  IMSUIATION  MATERIAIfi 


2.1  Selection  of  Insulation  Materials 


The  discussions  of  selection,  testing,  and  fabrication  for  Insulation 
materials  covered  In  the  following  sections  are  limited  to  liquid 
hydrogen  boost  tanks. 

Four  (4)  distinct  fields  of  Investigation  concerning  Insulation  of  cryo¬ 


genic  propellant  tanks  necessitate 
categorized  as  follows: 

Tank  Sidewall  Insulation 

Tank  End  Insulation 

Line  and  Component  Insulation 
Auxiliary  Ground  Insulation 


engineering  studies.  The  fields  are 


-  To  minimize  tank  system  weight 
during  flight 

-  To  prevent  Ice  formation  during 
fill  and  standby 

-  To  prevent  pump  cavitation 

-  To  prevent  excessive  losses 
while  on  the  ground 


It  Is  advocated  that  flight  Insulation  must  be  employed  to  minimize  the 
overall  net  tank-system  weight.  There  are  two  (2)  separate  insulation 
areas,  namely,  the  tank  sidewall  and  the  tank  ends.  These  areas  have 
been  Investigated  with  respect  to  their  Individual  design  requirements. 

The  use  of  a  certain  amount  of  Insulation  mounted  on  the  exterior  of  the 
tank  sldewe^J.  can  effect  an  overall  weight  savings  In  the  propellant  tank 
system,  ^e  Insulation  accomplishes  this  by  reducing  the  amount  of  boll- 
off  and  by  shielding  the  structure  material  from  aerodynamic  heating, 
making  It  possible  to  design  to  higher  stress  allowables.  Howler,  there 
may  exist  situations  In  which  Insulation  mounted  Internally  may  prove  to 
be  more  feasible  than  the  external  type,  perhaps  with  the  use  of  a  hlgh- 
temperature-reslstant  tank  wall.  Any  fixed  type  sidewall  Insulation  that 
Is  used  must  be  con8ldersd''a  portion  of  the  fly-away  weight.  Therefore, 

It  Is  imperative  to  employ  those  insulations  that  have  a  high  thermal 
efficiency  per  xmit  weight.' 

Optimum  Insulation  design  for  liquid  hydrogen  boost  tanks  should  always 
give  consideration  to  removable  ground-blanket  type  of  Insulation  for 
standby  requirements  used  In  conjunction  with  the  fixed-type  Insulation 
for  flight  requirements.  Also,  there  may  be  boost  vehicle  missions  for 
which  a  ground  blanket  by  Itself  would  satisfy  the  Insulation  requirements. 

2.1.1  Tank  Sidewall  Insulation 


Tank  sidewall  Insulation  Is  the  key  Item  In  obtaining  an  optimum  propel 
lant  tank-system  weight.  As  In  any  cryogenic  system,  an  imposed  high 
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t«ip«rsture  enrlronieBt  over  extended  periods  of  tlae  carries  with  it 
■any  stringent  design  requirements.  In  order  to  maintain  I'easonable 
boil-off  rates  of  liquid  hydrogen  under  these  conditions,  a  very  effi¬ 
cient  tank  sidewall  insulation  must  be  employed  or  a  relatively  severe 
weight  penalty  incurs.  The  insulation  must  also  be  able  to  endure  high 
temperatures  for  short  periods  of  time  and  still  retain  good  Insulating 
pz^qpertles. 

Several  insulation  concepts  were  investigated  in  References  1  though  7 
for  sidewall  Insulation.  Among  these  were  the  internally  mounted  insu¬ 
lation,  external  unevacuated  Insulation,  and  external  evacuated  insu¬ 
lation.  The  latter  type  is  the  most  desirable  since  engineering 
studies  indicate  this  type  is  by  far  the  most  efficient  for  minimum  tank 
system  weight. 


2. 1.1.1  External  Sidewall  Insulation  Concept 

The  basic  tank  sldewcdl  insulation  requirements  fpr  the  external  evacu¬ 
ated  type  Insulations  are  summarized  as  follows: 

(a)  low  conductivity  per  unit  weight. 

(b)  Low  outgasslng  characteristics  since  the  insulation  material 
must  maintain  a  good  vacuum  to  be  effective. 

(c)  Insulation  must  be  load-bearing  since  the  outer  shell  or 
membrane  must  be  supported  by  the  insulation  when  the 
insulation  is  evacuated. 

(d)  The  insulation  must  be  vibration  resistant  such  that  rocket 
engine  vibration  coupled  with  acceleration  forces  will  not 
create  detrimental  effects  upon  the  Insulation. 

(e)  The  materlad  must  retain  sufficient  flexibility  to  allow 
the  tank  structure  to  e^^and  and  contract  with  pressure 
and  temperature  changes. 

(f)  The. insulation  must  be  capable  of  being  encapsulated  with 
w  outer  skin  Of  lightweight,  nonporous  material  so  that 
the  insulation  can  be  evacuated.  The  outer  skin  will '.'then 
prevent  air  from  permeating  the  insulation  and  condensing 
on  the  tank's  metallic  surface. 

As  mentioned  earlier,  studies  have  shown  that  external  evacuated 
insulation  is  by  far  the  most  efficient  for  alniauB  tank  system 
weight.  This  is  the  type  of  insulation  chosen  for  the  7>000-gallon 
test  tank  and  is  discussed  extensively  in  the  various  volumes  of  this 
report. 
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2. 1.1. 2  Internal  Sidewall  Inaulatlon  Cooeept 

During  the  Initial  phase  of  this  prograa,  consideration  vss  given  to 
Insolation  aounted  on  the  Inner  surface  of  a  liquid  hydrogen  tank.  A 
polyester  flla  (Hylar)  attached  to  the  Izmer  surface  vas  considered. 

One  design  criteria  for  the  Mylar  vas  that  It  should  be  of  sufficient 
thickness  to  prevent  air  liquefying  on  the  tank  vail  (teaperature  above 
147.3*I{)  during  standby.  Actual  thickness,  of  course.  Is  governed  by 
the  alsslon  trajectory  and  the  resulting  aerodynaolc  heating.  This 
concept  would  be  feasible  for  soae  types  of  applications,  but  It  vas  not 
recoanended  for  the  7000-gallon  test  tank. 

A  Bore  cooprehenslve  discussion  of  the  Internal  insulation  concept  aay 
be  found  In  Reference  1.  A  detailed  investigation  of  this  concept  vas 
not  pursued  during  the  course  of  this  contract  for  the  following  reasons: 

(a)  Obtaining  reliable  seals  for  Internal  insulating  aaterlals 
at  liquid-hydrogen  tasperature  presents  a  aajor  sealing 
problea. 

(b)  Fabrication  and  bonding  of  the  Internal  type  Insulations 
would  present  aajor  manufacturing  problems. 

2. 1.1. 3  Internal  Insulation  Plus  Inner  Shell  Concept 

The  Inner  shell  concept  proposed  the  use  of  foam  or  soae  Inorganic 
aaterlal  as  Internal  tank-wall  insulation  plus  a  concentric  Inner  wall 
to  provide  a  cyllndrlceJ.  torus  voluae  of  liquid  In  contact  with  the 
Insulation  while  the  bulk  of  the  fuel  Is  being  used,  nie  reasoning  behind 
this  concept  Is  to  eliminate  the  dry  wall  as  liquid  hydrogen  Is  used 
from  the  tank.  A  dry  wall  results  In  high-vsdl  tenperatures  with  aost 
trajectories  which  could  aelt  the  foam  Insulation.  It  Is  true  that  the 
Insulation  Is  no  longer  needed  after  the  liquid  level  passes  below  any 
particular  station  on  the  tank  wall.  But  the  melted  fom  could  fall 
Into  the  remaining  liquid  hydrogen  with  disastrous  consequences  down¬ 
stream  In  valves,  pumps,  etc. 

Reference  1  contains  a  aore  det€d.led  discussion  of  the  Inner  shell  con¬ 
cept.  Further  Investigation  of  this  concept  vas  not  continued  during 
perforaance  of  this  contract  for  the  following  reasons. 

(a)  Fabrication  and  bonding  of  the  Internal  Insulations 
present  major  manufacturing  problems. 

(b)  Provisions  for  draining  the  annular  fuel  volume  con¬ 
veniently  and  efficiently  would  be  required. 
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2.1.1.!*  Sidewall  Insulation  Material  ^parties 
The  basic  requirements  for  a  tank  sidewall  Insulation  are: 

(1)  Low  thermal  conductivity 

(2)  Low  weight 

(3)  Mechanical  stability  from  low  to  high  temperatures 

(4)  Ease  of  application 
(3)  High  specific  heat 

In  the  Investigations  for  suitable  insulation  materials,  emphasis  was 
directed  to  the  selection  of  an  optimum  hlgh-temperature  Insulation. 

By  using  a  hlgh-temperature  Inorganic  Insulation,  a  thicker,  lea's  dense, 
and  lover  "k"  material  can  be  used  resulting  In  considerable  thermal, 
weight,  cuid  fabrication  advantages  over  the  Mylar  concept  especially 
under  conditions  of  Increased  aerodynamic  heating. 

Initial  Investigations  (Reference  1)  Included  the  study  of  the  following 
Insulation  materials: 

(1)  Crystal  M  Paper  (Minnesota  Mining  and  Manufacturing  Co.) 

(2)  Dexlglas  (C.  H.  Dexter  and  Sons) 

(3)  Mln-K  (Johns -ManvlUe) 

Hln-K  Insulation  satisfied  the  basic  requirements  for  an  optimum 
Insulation  concept  more  completely  than  the  others.  ISiis  material  com¬ 
bines  the  properties  of  hlgh-temperature  service  (1300*7),  low  thermetl 
conductivity  (.2  BTU-ln/hr-ft^  at  200*7)  and  a  reasonable  density 
(10  to  20  lb/ft3). 

The  material  Is  a  molded  solid  available  in  a  minimum  thickness  of 
1/8  Inch.  The  thermaL  conductivity  (k)  and  specific  heat  (Cp)  of  some 
compositions  of  Mln-K  are  plotted  versus  temperature  In  Tlgures  23  and 
26. 

Ihe  densities  available  for  Mln-K  range  from  10  to  20  Ib/ft^  with  a  - 
special  Mln-K  filled  honeycomb  material  running  approximately  16  Ib/ft*^. 
The  densities  of  Mln-K  are  generally  high  compared  to  plastic  foams, 
but  they  are  low  compared  to  such  materleds  as  M/lar  (87  lb/ft3)  and 
Crystal^!  (70  lb/ft3). 

When  evaluating  the  significance  of  high  specific  heat  values.  It 
should  be  noted  that  the  specific  heat  does  not  vary  appreciably  from 
material  to  material  while  density  and  thermal  conductivity  nay  vary 
from  1-20  lb/ft3  and  .02  to  .16  BT0-ln/hr-ft2.«F. 
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nOURE  25 

SPECIFIC  HEA7  OF  MZI-K  I1ISULATI(» 
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FIGURE  26 

TEERMAL  COHSUCTinTT  OF  SEVERAL 

nh-k  iebulatiok  fqrndlaxiohs 
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liure  (•?) 


The  relationship  of  theraal  conductivity,  density,  and  specific  heat 
defines  the  relative  theraal  efficiency  of  insulating  aaterlals.  This 
relationship  is  called  the  diffuslvity  and  is  k/p  Cp.  A  lov  value  of 
dlffuslvlty  indicates  an  efficient  insulation.  SvaeuatM  Mn-K  hap  a 
low  value  of  themal  diffuslvity  and  was  chosen  as  the  insulation  for 
the  7000-gallon  test  tank. 

A  coagtrehenslve  surrey  of  insulations  and  adhesives  available  was 
accoaplished,  and  the  results  of  the  survey  were  listed  in  Tables  ^ 
and  6  of  Reference  2. 

A  transient  heat-transfer  ancLLysls  utilizing  an  active  analog  coaputer 
was  acceapllshed  and  reported  in  Reference  3«  ^^le  purpose  of  this  pro¬ 
gram  was  to  provide  Infonatlon  of  acceptable  accuracy  ]^rtalniag  to 
wall  teaperature  profiles  and  heat  transfer  rates  on  tanks  related  to 
these  studies.  The  results  of  the  transient  heat  transfer  using  vnrlous 
trajectories,  various  types  and  thicknesses  of  Insulation,  and  various 
thicknesses  of  tank  sidewall  (titanium)  as  variables are  set  forth  in 
Reference  3*  ^Fhis  analysis  was  extended  to  the  later  insulation  con¬ 
cepts,  Sta-foaa  AA-602  and  LBI-A6  type  Insulations,  and  is  presented  in 
Section  U.O  of  Volume  I  of  this  report.  The  LBI-A6  is  a  glass  fiber, 
load-bearing  insulation  developed  during  this  cbntract  and  is  discussed 
in  subsequent  paragraphs. 

Also,  during  the  insulation  studies  major  consideration  was  given  to  thie 
utilisation  of  plastic  foams  for  tank  sidewall  insulation.  A  large 
coefficient  of  thermal  expansion  is  the  major  difficulty  which  is 
experienced  with  cryogenic  application  of  the  foam  materials.  In  Jbhe  pro¬ 
posed  application,  this  difficulty  is  present  because  of  large  tempera¬ 
ture  differences  across  small  thicknesses  of  material.  It  is  believed, 
however,  that  from  the  density  and  thermal  conductivity  stfndpoints, 
these  materials  warrant  additional  consideration.  The  major  advant^es 
of  foam  aaterlals  are:  (1)  they  can  reduce,  or  possibly  eliminate,  the 
need  for  an  outer  sealing  membrane  such  as  is  required  for  other  insu¬ 
lations  and  (2)  a  decrease  in  insulation  systos  weight  can  be  realised. 

Some  of  the  new  foam  materials  that  show  good  promise  as  tank  insulation 
are  discussed  below.  One  is  a  polystyrene  foam  of  paper  thickness  and 
is  available  in  a  density  of  five  ( 3 )  pounds  per  cubic  foot  and  in  a  14- 
Inch  width.  Thermal  conductivity  values  for  this  product  are  as  follows: 

Mean  Temperature  Thexmal  Conductivity 

(*rj _  (BTP-in/to-ftS-T) 


+70 

.23 

-15 

.167 

-32 

.151 

-60 

.130 

-250 

.05 
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This  Mtsrlal  can  be  wrapped  on  the  tank  skin  to  the  desired  thickness 
providing  the  themal  adrantages  of  a  nuaber  of  interfaces  as  well  as 
being  a  lightweight  insulation. 

A  second  aaterlal  under  InTestlgation  is  the  rigid  urethane  UIARCO  U>200 
fosB.  IMS  is  a  closed  cell,  fine  grain,  2-3  pound  foaa  with  the  fol¬ 
lowing  thexaal  conductivities. 


Teaperature 

(•F) 

Themal  Conductivity 
(BTU-ln/hr-ft2-*F) 

+100 

.135 

0 

.132 

-100 

.107 

-200 

.091 

-300 

.0^ 

IMs  aaterlal  could  be  molded  to  shape  in  the  desired  thickness  and 
adhesive  bonded  to  the  tank  wall  in  tile  seffsents. 

A  third  foaa  aaterlal  is  a  2  Ib/ft^  plastic  foaa  (Foraulatlon  AA-602 
aanufactured  by  the  Aaerlcan  Latex  Division  of  the  Dayton  Rubber  Coapan^). 
This  plastic  foaa  has  an  upper  teaperature  liait  of  approximately 
300-323*F  and  nay  find  use  only  on  low  acceleration  vehicles. 

Froa  the  heat  transfer  analyses  performed  to  select  an  insulation  aaterlal 
for  the  7000-gallon  test  tank,  (Reference  Section  4.0,  Toluae  I  for  these 
heat  analyses).  Insulation  material  and  optimum  insulation  thickness  were 
determined  for  use  on  the  7000-gallon  test  tank.  Muclaua  insulation  teapera- 
tures  were  obtained  with  evacuated  and  unevacuated  materlMs.  Improved 
insulating  characteristics  which  result  from  evacuation  resulted  in  hotter 
outer  surface  temperatures  under  transient  heat  flow  conditions.  Encapsu- 
latlon  aaterlal  requlreaents  are  discussed  in  Section  3.0  for  the  expected 
temperature  conditions. 

During  the  latter  part  of  the  program,  work  was  directed  towsurd  investi¬ 
gating  the  theraM  properties  of  load-bearing  insulations  (I3I  series). 

For  exasple,  the  LBI-A6  insulation  (a  fiberglass  insulation  that  was 
developed  and  tested  by  Beech  Aircraft  Corporation)  has  a  high  service 
teaperature  and,  thus,  could  be  utilised  on  the  higher  acceleration 
vehicles  such  as  those  under  LQX-RP  boosts.  The  thermal  efficiency  of  the 
I£I-A6  is  very  good;  and,  m  a  result,  its  use  in  even  a  practical  mlnl- 
mta  thickness  may  produce  exterior  surface  tsaperatures  that  would  exceed 
the  teaperature  .limits  of  a  Kylar  encapsulation.  Farther  discussion  of 
this  prc^lea  is  Included  in  Section  3.1. 

2.1.2  Ttok  End  Insulation 

The  primary  purpose  for  tank  end  insulation  is  to  preclude  the  formation 
of  ice  and  liquid  air  on  the  tank  ends  during  the  filling  and  standby 
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operations.  Ae  lee  or  liquid  air,  if  allowed  to  aecuaulate,  would 
iapose  an  additional  weight  penalty  to  the  vehicle.  Also,  it  would  be 
detriaental  to  equlpsient  located  in  the  areas  adjacent  to  these  tank 
ends.  A  secondary  effect  of  this  Insulation  is,  of  course,  to  reduce 
the  boll>off  losses  while  on  the  ground  and  during  boost  through  the 
ataosphere. 

Since  the  tank-end  insulation  is  located  in  the  interior  of  a  vehicle, 
it  will  not  be  subjected  to  high  aerodynanlc  heating  rates.  ^Rie  upper 
teaiperature  llait  that  the  tank-end  insulation  will  witness  depends  on 
a  nunber  of  i>araneters,  such  as  coapartaent  air  conditioning,  location 
of  engine,  location  of  auxlliajry  power  units,  and  location  of  other 
Interhal  sources  of  heat.  For  the  present,  it  has  been  assuaed  that  the 
teaperature  of  the  insulation  will  never  exceed  200*7. 

Barller  studies  have  indicated  that  the  use  of  evacuated  plastic  fon 
for  the  insulation  will  provide  a  lightweight  aethod  for  insulating  the 
tank  ends.  This  concept  specifies  an  Insulation  thickness  such  that 
the  outside  surface  of  the  foaa  is  aaintalned  just  above  the  freeaing 
point  of  water.  Based  on  previous  tests  conducted,  the  thezaal  conduc¬ 
tivity  of  the  Dayton  Rubber  Coai^y's  Polykoolfoaa  (a  polyisocyanate- 
type  foaa)  is  .0^  BTa-ln/hr-ft^-*7.  This  "k”  factor  was  detezained  in 
a  cryostat  where  one  side  of  the  foaa  was  e:q;>oBed  to  liquid  nitrogen 
(-321*7)  and  the  warn  side  was  at  rooa  teaperature  (8o*F). 

When  liquid  hydrogen  was  used  at  the  cold  wall,  the  appaurent  mean  thernal 
conductivity  was  reduced  to  .048  BTU-in/hr-ft2-*p,  if  the  aore  eonserya- 
tlve  (.069)  value  is  used,  the  thickness  of  Insulation  required  to  aaln- 
taln  3^*7  teaq)erature  on  the  exterior  of  the  foaa  insulation  is.  1.93 
inches  for  the  upper  end  and  1.20  inches  for  the  lower  end  of  the  7000- 
gadlon  test  tank.  The  aethod  for  ccd.culatlng  these  insulation  thicknesses 
is  fully  described  in  Reference  B. 

Ibe  foaa  can  be  appUwd  to  the  tcmk  ends  by  either  spraying,  pouring,  or 
by  aoldlng  snail  size  segnents  and  ceaentlng  these  to  the  skin  with  a 
suitable  adhesive.  There  will  be  access  holes  in  the  fosa  on  the  upper 
end  in  order  to  allow  exit  of  the  vent  line,  instruaentation  port,  and 
the  nanhole.  (See  Figure  27  for  details).  Once  the  foaa  is  in  position, 
it  will  be  coapletely  covered  with  a  thin,  flexible  plastic  or  latex 
neabrane  such  that  the  entire  foaa  end  can  be  evacuated. 

In  the  actual  application  to  the  7000-gallon  test  tank,  pour-in-place 
Sta-foaa  C-02  nanufactured  by  the  Dayton  Rubber  Coaqpany  was  poured  into 
the  wedge-shaped  annulus  between  the  tank  beads  and  tank  skirts  for 
added  Insulation  and  to  prevent  the  tank  skirts  froai  buckling  under 
external  pressure  when  the  foaa  was  evacuated.  Sta-foaa  C-02.was  also 
used  to  Insulate  the  dcae  areas. 
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2.1.3  Auxiliary  Ground  Ineulatlon 


The  tank  sidewall  Ineulatlon  thlckneesee,  ae  detexalned  In  previous 
sections  and  Section  U.O  of  Voluae  I,  which  satisfy  the  (^tlaua  condi¬ 
tions  froBi  a  net  tank  system  weight  standpoint  are  too  thin  to  prevent 
excessive  boll-off  of  the  propellant  during  filling,  standby  and  hold 
operations.  It  has,  therefore,  been  recoomiended  that  an  auxiliary  ground 
Insulation  blanket  be  sstployed  to  keep  the  boll-off  loss  to  a  mlnlaun. 

Ihe  design  details  of  the  ground  Insulation  concept  are  described  In 
Reference  11. 

The  econosilcs  of  the  ground  blanket,  added  flight  Insulation,  or  the 
use  of  a  rellquefler  are  reported  In  Reference  3« 

A  schematic  of  the  tank  and  how  the  ground  blankets  will  be  used  Is 
shown  In  Figure  28.  The  ground  blankets  are  constructed  of  styrofoam 
with  metal  stiffeners  as  indicated  in  Figure  28. 

2.2  Insulation  Testing 


Tests  were  performed  on  selected  insulating  materials  to  pbtain  thermal 
conductivity  curves  as  a  function  of  temperature  throughout  the  stipu¬ 
lated  temperature  range.  The  results  of  these  tests  were  used  in 
determining  the  heat  Inputs  required  for  the  heat  tower  test  tank.  In 
addition,  optimized  performance  was  calculated  using  the  test  results 
from  the  Insulation  program. 

An  apparatus  was  designed  for  measuring  the  heat  capacity  of  these  materl- 
sds  over  the  teiqwrature  range  of  Interest. .  These  data  are  necessary 
Inputs  for  transient  heat  analyses. 

2.2.1  Thermal  Conductivity  Test  Apparatus,  Basic  and  Auxiliary 

A  cryostat  for  determining  low-temperature  thermal  conductivities  of 
Insulating  materlads  was  designed  and  fabricated.  It  utilizes  the  standard 
guard-ring  or  flat-plate  concept  which  Is  typical  of  many  instruments  used 
for  thermal  conductivity  measurements.  Wilkes  and  Vefshoor,  In  Independent 
papers,  describe  a  typical  appeuratus  of  this  type  (References  12  and  13). 

The  test  apparatus  used  In  determining  the  over-all  theraal  conductivity 
is  shown  schematically  In  Figure  29.  The  appeuratus  has  a  flanged  bottom 
under  the  sample  space  that  Is  removable  to  facilitate  a  changing  of 
samples.  The  guard  and  test  chamber  move  up  and  down  as  a  unit  to  accom¬ 
modate  different  test  sample  thicknesses.  A  pair  of  0-rlng  seads  near  the 
top  of  the  extended  tubes  give  an  adjustable  vacuum  seal. 

In  order  to  prevent  error  due  to  the  evaporated  gas  from  the  test  chamber 
condensing  In  the  fill  tube,  the  guard-ring  liquid  is  nslntsdned  at  a 
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FIGURE  28 

GROUMD  IMSULATION  BLANKET  CONCEPT 
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higher  pressure  cmd  temperature  than  the  test  chamber  liquid  by  bubbling 
the  guard>ring  vent  gas  through  four  (4)  inches  of  water.  If  any  heat  is 
transported  because  of  this  resulting  temperature  difference,  it  will  be 
into  the  test  chamber  causing  the  resulting  E  values  to  be  slightly  high. 

The  test  apparatus  used  in  determining  the  thermal  conductivity  versus 
mean  temperature  curves  is  shown  schematically  in  Figure  30.  The  sample 
space  in  the  calorimeter  is  exaggerated  to  show  the  location  of  the  thermo¬ 
couple  Junctions.  If  the  sample  tested  is  solid,  transverse  holes  are 
drilled,  as  indicated,  into  which  thermocouple  Junctions  are  Inserted. 

The  Junction  positions,  relative  to  the  external  surfaces  of  the  sample, 
were  determined  by  taking  X-ray  pictures  of  the  instrumented  opaque 
samples. 

In  order  to  simulate  actual  operating  conditions,  a  method  of  obtaining 
apparent  thermal  conductivity  data  for  ssmples  subjected  to  one  (1)  atmo¬ 
sphere  compressive  load  was  deemed  necessary.  To  obtain  these  results,  the 
bottom  flange  of  the  flat-plate  calorimeter  was  modified  as  shown  in 
Figure  31 •  addition  of  the  rubber  dlaphra^  provides  the  method  of 
Introducing  the  compressive  load. 

One  of  the  pumping  taps  was  modified  to  acconmodate  the  thermocouple  wire. 
Three  holes  were  bored  in  a  rubber  stopper  and  the  thermocouple  wires  were 
bro.ught  out  through  these  holes.  Sealing  wax  was  melted  and  flowed  into 
these  holes,  thus  sealing  the  pumping  tap  tightly.  A  representative  thermo¬ 
couple  pair  is  shown  leaving  the  seal  and  extending  on  to  the  auxiliary 
apparatus.  All  three  couples  actually  extended  to  the  reference  bath  emd 
beyond.  A  difference  of  electromotive  force  Is  measured  with  a  potentiometer 
between  the  two  Junctions  in  each  circuit.  The  use  of  a  calibrated  table 
yields  the  actual  temperature  differential. 

Gold-cobalt  versus  copper  thermocouples  were  originally  chosen  for  these 
tests  because  of  their  sensitivity  near  liquid-hydrogen  temperature.  A 
gold-cobalt  versus  copper  circuit  has  a  4o-alcrovolt  per  degree  signal  at 
room  tempezmture  and  approximately  a  13-microvolt  per  degree  signal  at 
liquid-hydrogen  temperature.  This  is  contrasted  to  copper  versus  constan- 
tan  circuits  which  have  4o  microvolts  per  degree  at  room  temperature  but 
fall  off  to  only  6  microvolts  per  degree  at  hydrogen  temperature.  However, 
during  the  course  of  testing,  it  was  determined  that  the  gold-cobalt  versus 
copper  thermocouples  were  unreliable  in  their  operation  and  did  not  spot 
test  near  published  ce^-lbration  curves.  One  possible  reason  for  not  operating 
properly  could  be  the  temperature  history  of  the  gold-cobalt  wire.  The 
manufacturer  heat  treats  the  wire  Just  above  room  temperature  and  any  tem¬ 
perature  that  the  wire  experiences  above  this  temperature  could  cha^e  the 
properties,  thus  yielding  erroneous  data.  The^test  samples  were  rewired 
using  copper  versus  constantan  thermocouples  even  though  sensitivity  was 
lost  near  liquid-hydrogen  temperatures. 

The  vulous  quarterly  reports  prepared  for  this  contract  cover  in  detail 
the  difficulties  e^^rlenced  with  the  thermal  conductivity  test  appeuratus 
and  give  the  final  solution  in  making  the  apparatus  function  peoperly. 
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FIGURE  29 

THERMAL  CCHDUCTIVITr  TEST  CALORIMETBR 
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noURE  30 

THERMAL  COMXJCTIYITT  TEST  SET-UP 
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FZCURS  31 

MODIFIED  FIAT  FIATS  CALCRINBISR  SCHEMATIC 


Calorlaeter  Lower  Flange  Asscably 


Modified  Assenbly 
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nw  foUowlag  auxiliary  equlpMnt  vas  also  usad  In  the  teat  setup: 

(a)  Baroaieter,  aereury  type. 

2 

(b)  Vet  test  aeter.  Precision  Scientific  Ccaqpany,  20  ft  -hr  capacity, 
accuracy  +  0.1^,  calibrated  at  low  flow  rates  to  +  2$, 

(c)  Rubicon  Six-Dial  TheraoAree  Potentioaeter  -  accurate  to  1  x  10 
volts. 

(d)  Standard  cell,  I^ley  Laboratories,  Inc.,  with  oaf  certified  by 
Rational  Bureau  of  Standards. 

(e)  Leeds  and  Horthrup  spotlight  galvonoaeter. 

(f)  Leeds  and  Rorthrup  13-positlon  thexaocouple  switch. 

(g)  6-Tolt,  lOHslUiaap  storage  battery. 

2. 2. 1.1  Specific  Heat  Measureaents 

Obtaining  specific  heat  data  of  Insulations  as  a  function  of  teaperature 
is  necessary  for  analytical  support  of  the  thexaal  test  planning  prograa. 
Specifically,  this  data  is  needed  to  evaluate  thexaal  dlffUBlvlties  of 
various  Insulations.  The  prograa  for  obtaining  these  aeasureaents  is 
discussed  below. 


2. 2. 1.1.1  Equiyaent  and  Apparatus 

Figure  32  is  a  scheaatlc  of  the  test  apparatus.  Auxiliary  equlpsent  not 
shown  in  the  scheaatlc  is  a  potentioaeter  circuit  and  a  precision  batlance. 

2. 2. 1.1. 2  Test  Procedure 

The  procedure  for  deteialnlng  the  specific  heat  of  various  insulations 
is  as  follows: 

(1)  Weigh  ssaple  on  preclsicm  badance. 

(2)  Mount  ssaple  in  the  appauratus  amd  Install  breaUc-out  sead. 

(3)  Fill  test  and  guard  vessels  with  appropriate  liquid. 

(^)  Regulate  gas  toqperature  and  flow  to  the  ssaple  by  adjusting 
the  gas  supply  dewsur  heater. 

'(5)  Observe  teoperatv^re  difference  across  differentlad  therao- 
couples.  Thenocouple  Ro.  2  is  also  am  absolute  reading 
thensocouple  for  reading  teaperature  level. 


AFWC  ra  60-43(111) 


75 


FIGURS  52 

SFECIFIC  BEAT  NBASURIHO  APPARATUS 
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Guard  VeeBcl 


(6)  Mter  the  gas  evolving  froei  the  test  vessel  through  the  vet 
test  aeter. 

(7)  When  the  differential  tsaperature  across  the  ssaple  Is  less  than 
2*  Fahrenheit  and  the  tsaqperature  level  of  Theraoeouple  Mo.  2 
reaches  a  predeteralned  level,  the  3-vay  valre  Is  turned  to 

vent,  the  gas  vent  valve  is  closed,  and  the  gas  supply  dewar  heater 
Is  turned  off.  The  saaqple  then  is  ready  for  iaaerslon. 

(8)  Push  sample  through  the  breah-out  seal  and  laaerse  the  saaple 
In  the  test  vessel  liquid. 

(9)  Measure  the  amount  of  gas  boiled  off  by  the  sample  vlth  the 
vet  test  meter. 

Ibe  above  procedure  vlU  constitute  a  standard  method  for  calibration 
of  the  apparatus  using  a  scaiple  of  knovn  specific  heat. 

2. 2. 1.1. 3  Obtaining  Specific  Heat  Data  as  a  Function 
of  Mean  Temperature 

For  each  test,  as  described  above,  one  (1)  value  for  specific  heat 
viU  be  obtained  at  a  given  mean  temperature.  The  relationship  used 
to  determine  this  is  as  follows: 

\  (G.F.)  Q 

■Cp  - 

where 

C  is  the  specific  heat  of  sample 
P 

W  is  the  weight  of  sample 

AT  is  the  mean  gas  to^rature  (also  sample  temperature) 
minus  temperature  of  the  test  vessel  liquid 

Ly.  is  the  latent  heat  of  vaporization 

G.F.  is  a  gas  conversion  factor  to  obtain  stcuidard  cubic  feet. 

A  detailed  ejqplanation  is  presented  in  Paragraph  2.2.2. 

Q  is  the  quantity  of  gas  evolved 

After  a  sufficient  number  of  tests  are  performed  with  various  sample 
and  liquid  temperatures,  a  plot  of  specific  heat  versus  menn  temperature 
can  be  made. 
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2,2.2  Obtalnlag  the  Ttwiaal  Conductivity  Coefficient 


The  Iburier  equation 


VS8  used  In  deternlnlng  the  coefficient  conductlrlty.  The  paremters 
are  as  foUovs: 

A  saaple  of  insulation  aaterial  of  known  thickness  (X)  was  aounted  in 
the  san^le  space.  The  area  (A)  is  the  area  projected  by  the  inner 
container.  The  hot  boundary  was  heated  by  an  electrical  heater  and 
the  heat  flow  (q)  through  the  insulation  was  detemlned  froa  the  boil- 
off  gas.  The  teaperature  difference  (i^)  between  the  hot  and  cold 
boundaries  was  aeasured  with  theraocouples. 


The  evaporation  rate  free  the  test  chsaber  is  obtained  by  aeterlng  the 
evolved  gas  through  a  wet  test  aeter  and  taking  readings  at  definite 
tine  Intervals.  The  heat  input  to  the  test  chaaber  is  proportional 
to  the  aaount  of  gas  evaporated  during  a  specific  tine  interval. 


4  =  K 


Boulder  ft' 
Eour 


gas  factor  =  L 


std.  ft^ 
hour 


where 


Ly.  is  the  latent  heat  of  vaporization  of  liquid  necessary  to 
produce  one  standard  cubic  foot  of  gas.  Boulder  cubic  feet 
per  hour  are  obtained  directly  froa  reading  the  wet  aeter  at 
specific  tlae  Intervals.  Converting  Boulder  cubic  feet  per 
hour  to  standard  cubic  feet  per  hour  the  relationship  that 
follow  is  used: 


_  _  .  /P  -  V.P.^  /  k92  N 

Gas  Factor  »  ( 

where  P  is  ataospherlc  pressure  (sn  Hg) 

y.P.  is  the  partial  pressure  of  water  in  air,  aa  Hg^  assuaed 
saturated,  at  T,  *B. 

T,  *R  is  the  abolute  teaperature  of  the  water  in  the  wet  test 
aeter. 

Figure  33  is  s  plot  of  gas  factor  versus  tesqperature. 

The  area.  A,  and  seaple  thickness,  ISi,  are  aeasured  directly  before 
inserting  the  saaple.  £S[,  or  Th  -  is  obtained  by  assuaing  Te 


AFFTC  TR  60-43(111) 


78 


Factor 


FIGURE  33 
GAS  FACTOR  PLOT 
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at  theeiuillbrliaa  boiling  temperature  of  the  liquid  at  the  known  atmos¬ 
pheric  pressure,  and  is  measured  by  a  surface  pyrometer  at  the  hot 
wall  of  the  calorimeter. 

The  equation  on  Figure  29^  q  «  k  A  ^/X,  now  has  all  the  parameters 
described  except  for  k.  k  is  the  mekn  thermal  conductivity  over  the 
indicated  temperature  range,  and  solving  for  k  gives 


k  =  9^ 

^  A  /XT 


This  is  the  relation  used  in  all  the  conductivity  measurements. 

2. 2. 2.1  Obtaining  a  TOiermal  Conductivity  Versus 
Mean  Temperature  Curve 

Tenqierature  measurements  of  the  various  thermocouple  Junctions  are 
obtained  by  use  of  the  potentiometer  circuit  shown  schematically  in 
Figure  30.  The  potentiometer  reads  a  difference  of  emf  between  the 
saiiq)le  Junction  and  the  reference  bath  Junction.  From  a  calibrated 
table,  the  reference  emf  is  found  and  added  to  the  potentiometer 
reading,  yielding  the  absolute  teziq)erature  of  the  Junction.  Readings 
are  taken  immediately  after  each  wet  meter  reading  is  taken.  After 
equilibrium  is  reached,  a  k  versus  mean  ten^^rature  curve  is  obtained. 
Since  q,  and  similarly  q/A  are  constant  throughout  the  sanjple,  the 
auxiliary  equations  that  follow  may  be  used  to  determine  k  versus  mean 
temperature  (T  ).  is  the  average  ten^perature  of  any  of  the  given 
ranges,  ^  is  the  temperature  difference  obtained  from  the  potentio- 
metrlc  measurements,  and  ^  is  the  distance  between  the  thermocouple 
Junctions  as  shown  in  Figure  30. 
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2.2.3  Insulating  Material  Testing 

The  selected  materials  for  consideration  were  all  evaluated  as  to  their 
overall  thermal  conductivity.  In  addition,  some  of  the  following  tests 
were  performed  on  some  of  the  materials:  thermal  conductivity  versus 
mean  tesqperature  over  the  range  of  interest;  outgasslng  characteristics 
over  extended  time  periods;  and  the  effect  of  prolonged  dynamic  evacuation 
on  the  conductivity. 

Each  material  and  the  tests  performed  on  thermal  conductivity  are  discussed 
in  the  following  sections. 

Table  9  Is  a  tabulation  of  ^he  thermal  conductivity  tests  on  Mln->K  304, 
Sta^fosm  AA-602,  and  the  LBI  (Load-Bearing  Insulation)  series. 

2. 2. 3.1  Mln-K  50^ 

The  thermal  conductivity  of  Min-K  304  was  determined  at  low  temperatures. 
Some  data  were  available  from  work  performed  at  the  Armour  Research 
Foundation,  Chicago,  Illinois,  and  Arom  the  manufacturer,  Johns -NanvlUe. 
Figure  3^  presents  their  reported  results  graphically.  From  the  obvious 
dlsagre^ent  of  these  data,  an  independent  measuring  program  was  deemed 
necessary.  ^Ibese  data,  generated  on  this  contract,  are  also  shown  In 
Figure  34.  Several  possible  reasons  for  deviation  of  the  data  may  be 
offered  such  as,  moisture  content,  or  orientation  of  the  samples  In  the 
calorimeter.  It  must  be  emphasized  that  the  Armour  Research  data  reflects 
their  Initial  attempts  at  measuring  the  conductivity  of  Min-K  304  and  is 
thus  Inconclusive. 

Because  Mln-K  304  Is  a  very  opaque  material.  X-ray  pictures  of  the  pre¬ 
pared  sample  were  taken  after  drilling  holes  and  Inserting  the  theimo- 
couples.  The  measurement  of  the  thermocouple  Junction  distance  from 
the  edges  was  determined  by  including  a  standard  1  inch  opn<ine  object, 
and  facing  each  sample  edge  with  opaque  pointers.  These  X-ray  pictures 
yielded  the  information  necessary  for  obtaining  thermal  conductivity 
versus  mecm  teaqperature  data,  using  the  method  outlined  In  Section  2. 2. 2.1. 

The  relative  ease  of  evacuation  and  the  outgasslng  characteristics  of 
Hln-K  304  were  tested  to  determine  how.  much  pumping  time  would  be 
required  for  ^acuatlon  of  a  known  volume  of  the  material,  with  resulting 
low  pressure  rise  under  static  vacuum  conditions. 

It  has  been  previously  shown  that  the  thermal,  efficiency  of  Mln-K 
insulation  Is  greatly  Incnased  by  evacuation.  Vhen  the  7000-gallon 
test  tank  insulated  with  Mln-K  304  is  In  the  heat  tower.  It  will  be 
subjected  to  an  external  vacuum  condition  provided  by  the  vacuum  bell 
assembly.  As  a  natter  of  economics  In  reducing  boll-off  losses,  the 
vacuum  bell  is  ev?.cuated  before  filling  the  tank.  Prior  to  evacuation 
of  the  vacuum  bell,  the  encapsulated  tank  sidewall  insulmtlon  must  also 
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TABLE  9 

RESULTS  OF  mSULATKOI  TESTS 
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^For  use  only  with  Identical  conditions  (see  Section  2.2, 3. 3) 
Refer  to  Figure  37  for  the~ conditions. 
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_  FIGURE  3^ 

THERMAL  CONDUCTIVITY  OF  MIN-K  50U 
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be  evacuated  In  order  to  prevent  bcdloonlng  of  the  encapsulating  mterial. 
Itanedlately  upon  filling  the  tank,  the  pressure  in  the  insulation  naterial 
will  be  further  reduced  by  condensation  or  "freeze-out”  of  the  resialnlng 
entrained  gases  and  nolsture.  ^HiIs  Is  another  reason  for  evacuating  the 
Insulation  because  If  the  moisture  and  gaseous  content  of  the  Mln-K  is  not 
substantially  reduced,  the  frozen  moisture  and  gases  will  create  a  aolld 
conduction  path  which  will  reduce  the  thezmal  efficiency  of  the  insu¬ 
lation.  This  insulation  efficiency  will  be  Impaired  when  the  frozen 
vapors  and  gases  are  possibly  evaporated  by  the  heat  lamps  during  the 
thermal  test.  Either  the  solid  or  the  gaseous  tens  can  reduce  insulating 
efficiency,  and  the  removal  of  this  heat  leak  source  is  desirable. 

The  measurements  reported  here  were  made  at  room  temperature,  utilizing 
the  test  apparatus  shown  in  Figure  33.  A  test  sample  9-5/8*  In  diameter 
and  one  inch  thick  was  enclosed  in  a  modified  bell  Jar.  The  bell  Jar  was 
evacuated  with  a  Welch  Duo-Seal  lU03  mechanlccd  j»ump  and  the  pressure 
monitored  with  a  0  to  1000-micron-range  thermocouple  gauge. 

The  results  of  these  tests  may  be  seen  in  Figures  38  and  37>  which  plot 
pump-down  and  outgasslng  pressure  versus  time.  Pump-down  runs  1,  2,  and  3 
were  continued  for  a  period  of  three  (3)  hours,  starting  from  atmospheric 
pressure.  The  first  run  was  obviously  the  most  effective  in  removing  water 
vapor  since  the  second  run  pumped  down  to  300  microns  in  about  thirty  (30) 
minutes  compared  to  three  (3)  hours  for  the  first  run.  A  total  pumping 
time  of  36  hours  was  consumed  in  reducing  the  pressure  to  less  than  ten 
(10)  microns  during  ten  (10)  separate  pump-down  periods.  Between  each 
pump-down  the  sample  was  allowed  to  outgas  and  readings  were  taken  of  the 
increasing  pressure. 

Conclusions  drawn  as  a  result  of  this  investigation  are  as  follows: 

(1)  Min-K  30^  can  be  evauated  to. a  pressure  of  less  than  10 
microns  in  a  relatively  short  time.  (Slmllau:  experiments 
with  a  number  of  foam  plastics  consum^  weeks  of  pumping 
time. ) 

(2)  After  reaching  a  pressure  of  approximately  ten  (10) 
microns,  the  outgasslng  rate  is  low  for  MLn-K  30^. 

The  pumping  tine  on  the  sample  of  Min-K  30^  to  attain  a  low  pressure 
is  felt  to  be  quite  conservative  if  applied  to  the  7^000-gallon  tank 
insulation  thickness  since  the  sample  is  approximately  eight  (8)  times 
thicker  than  the  proposed  insulation  thickness. 

The  thermal  ejqpanslon  properties  of  Min-K  must  be  known  in  order  to 
establish  compatible  fabrication  techniques  for  bonding  the  insulation 
to  the  tank  wall.  Significant  work  has  been  done  in  this  area  by 
R.  P.  Dengler  at  NASA,  Cleveland,  Ohio,  with  ttin-K]301.  A  suniary 
of  this  work  Indicates  that  Nln-K  I30I  contracts  when  heated  from 
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FIGURE  35 

PUMP-DOWN  AND  OUTGASSING  TEST  APPARATUS 
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FIGURE  36 
PUKP-DOWN  CURVES 
MIN-K  50^^ 
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FIGURE  37 
OUTQASSIRG  CURVES 
MIM-K  504 
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roGo  temperature  to  1300"?  and  that  this  contraction  Is  a  penanent  set 
which  is  not  recoverable  upon  cooling  to  room  temperature.  When  subjected 
to  a  cooling  cycle  from  room  temperature  to  >310*?  and  back  to  room 
temperature,  the  material  exhibits  no  dimensional  change.  The  thermal 
coefficient  of  ejqpanslon  values  obtained  from  this  work  are  as  follows: 


Temperature  *g 
70  to  UOO 
1100  to  1580 


Meem  Coefflcient/*F 
A. 92  X  lo"^ 

-21.3  X  10"^ 


70  to  -320 


0 


VHiile  the  material  tested  in  this  instance  was  Min-K  I30I,  the  overall 
similarity  of  Mln-K  304  to  I30I  is  such  that  one  would  expect  necurly 
identical  thermal  expansion  properties  for  the  two  materials.  The 
relative  thermal  expansion  stability  of  Min-K  insulation  over  the  above 
wide  range  of  temperatures  is  an  advantageous  property  for  rocket 
vehicle  insulation  applications. 

2.2. 3.2  Sta-Foam  AA-602 

Apparent  thermal  conductivity  figures  for  Sta-Foam  AA-602,  when  under 
a  one  (1)  atmosphere  load,  were  obtained  from  two  (2)  series  of  tests. 

The  first  test  yielded  apparent  thermal  conductivity  versus  mean 
temperature  data  (Figure  38)  obtained  from  thermocouple  measurements 
of  temperature  versus  distance  in  the  sample  (Figure. 39 )•  The  second 
test  was  for  the  purpose  of  determining  if  the  apparent  thermal  conductivity 
decreased  after  the  sample  had  been  evacuated.  The  magnitude  of  this 
reduction  is  shown  in  Figure  ko.  Appcurently,  Sta-Foam  AA-602  is  a  rela¬ 
tively  closed  cell  foam,  cund  evacuation  of  the  Intercellular  gas  is  diffi¬ 
cult.  After  pumping  on  the  sample  for  nine  (9)  days,  the  conductivity 
was  decreased  only  10^. 


2.2. 3.3  LBl  (Load-Bearing  Insulation)  Tests 

Tests  were  conducted  on  LBI  insulation  samples  (Figure  ^1)  and  the 
performance  of  the  Insulations  discussed  in  the  following  paragraphs. 

The  total  heat  transported  through  the  LBI  series  is  compounded  of 
three  (3)  heat  transporting  mechanisms. 

(a)  Heat  carried  by  radiation 

(b)  Heat  carried  by  solid  conduction 

(c)  Heat  caiTled  by  gas  conduction 

Gas  conduction  in  an  insulation  on  a  liquid  hydrogen  container  will 
probably  be  very  small  if  the  insulation  is  sealed  airtight.  The  amount 
of  surface  area  at  36*H  es^sed  to  the  InterstltlaLI  gas  will  be  sufficient 
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FIGURE  38 

AFPAREHT  THERMAL  COHLUCTIYITT 
AS  A  FUHCTIOH  OF  MEAN  TEMPERATURE 
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Mean  Temperature  (*R) 


FIGURE  39 

TEMPERATURE  VERSUS  DISTANCE 
STA-FOAM  AA-602  FOAM  SAMPIE  (1.0”) 
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FIGURE  40 

REDUCTION  OP  APPARENT  THERMAL  COHDUCTIVITy 
AS  A  FUNCTION  OF  DAYS  PUMPED  (AA-602) 
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Days  Pumped 


FIGURE 

BEEUHCRAFT  LOAD-BEARUG  INSULATION 
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to  "evacuate”  the  gas  by  condensation  without  any  prior  gas  evacuation. 

A  high  vacuuBj  at  least  10~°  nm  Hg,  can  be  realized  by  this  condensation 
process  thereby  rendering  the  aaount  of  heat  carried  by  gas  conduction 
negligible. 

Heat  carried  by  solid  conduction  can  be  reduced  to  a  mlniaum  by  choosing 
a  material  with  low  thermal  conductivity.  The  choice  of  material  to 
"Insulate"  liquid  hydrogen  or  rather  to  act  as  a  warm  boundary  layer 
support  should  be  based  on  the  solid  conduction  coefficient.  Glass 
fibers  with  the  fibers  oriented  perpendicular  to  the  heat  flow  were 
chosen  because  of  their  low  inherent  solid  conductivity  (References 
l4  and  13 ).  Another  reason  for  choosing  glass  fibers  as  the  boundary 
separators  was  the  transparency  to  long -wave  radiation  (Reference  l6). 

Radiation  heat  transfer  is  the  final  and  largest  heat>carrylng  component. 
By  Inserting  the  glass  fibers  between  the  warm  and  cold  temperature 
boundaries^  the  low  solid  conduction  term  Inherent  to  the  glass  is 
utilized  and  its  transparency  to  long-wave  radiation  enables  efficient 
reflection  to  occur  at  the  cold  surface.  This  combination  of  properties 
results  in  the  low  apparent  thermal  conductivity  figures  in  Table  9* 

The  results  obtained  during  the  LBI  insulation  tests  were  different 
than  the  anticipated  performance.  The  primary  difficulty  was  a  small  leak 
in  the  calorimeter  which  opened  up  at  low  temperatures.  The  thermal 
conductivity  for  LBI-A6  shown  in  Table  9  was  obtained  for  a  comparatively 
short  time  Interval.  As  the  leak  opened  up,  the  thermal  conductivity 
Increased  considerably.  If  any  air  condenses  on  the  test  surface,  the 
amount  of  heat  transferred  to  the  test  liquid  increases  radically. 
Considering  the  small  Insulation  thickness,  gas  conduction  across  the 
space  can  also  Increase  markedly.  The  apparent  thermal  conductivity 
quoted  was  obtained  with  an  interstitial  gas  pressure  below  1  x  10"^ 
nm  Hg.  The  interstitial  gas  pressure  increased  to  3  to  6  x  10~^  mm  Hg 
when  the  low  temperature  leak  opened  and  resulted  in  higher  thermal 
conductivities.  For  extremely  thin  Insulations,  such  as  the  LBI 
series,  the  number  of  interstitial  gas  molecules  and  their  mean  free 
path  becomes  quite  Important  to  the  gas  conduction.  The  following 
analysis  is  made  to  describe  their  effect. 

Ftom  Reference  17  an  equation  giving  the  mean  free  path  is 
L  =  0.86  X  10^  I 


where 

L  is  the  mean  free  path  in  cm 
n  is  the  viscosity  of  the  gas  in. poises 
P  is  the  'pressure  in  microns  of  mercury 


AFFTC  TR  60-43(111) 


93 


T  is  the  tenpersture  in  degrees  kelvln 
M  Is  the  nolecular  velght 
The  values  assuned  for  purposes  of  estlnation  are: 
n  ■  0.000171  poises 
M  -  28 

T  ,  m  183*K 

-U 

P  -  0.5  nlcrons  (3  x  10  mm  Eg) 

then 

,  .  0.8«  X  io3  (^) 

L  »  0.75  cm  =  0.3  in 

From  this  calculation,  the  mean  free  path  of  the  gas  molecules  is  seen 
to  be  considerably  larger  than  the  distance  between  the  hot  and  cold 
surfaces.  In  this  case,  the  gas  molecules  move  for  the  most  part 
directly  between  the  hot  and  cold  walls  without  collisions  with  other 
gas  molecules.  The  ability  of  gas  In  this  situation  to  carry  heat 
between  the  walls  Is  proportional  to  the  number  of  molecules  present. 
Therefore,  gas  conduction  Is  directly  dependent  upon  gas  pressure. 

To  observe  the  magnitude  of  this  effect.  Sample  A-3  vas  tested  in 
another  similar  calorimeter  that  was  completely  vacuum  tight.  IRie 
results  of  this  test  show  a  conductivity  only  I/3  that  previously 
tested  for  LBI-A6.  While  the  boundary  emisslvitles  were  different 
and  the  sample  was  not  under  a  ccsqpresslve  loctd,  the  amount  of  reduction 
of  heat  leak  Is  very  Indicative  that  gas  conduction  was  significant  In 
the  LBI-a6  test.  Furthezvore,  condensation  of  gases  on  the  cold  waill 
could  have  caused  an  Increase  in  system  emisslvity  which  would  Increase 
the  radiation  component.  Ssa^ples  LBI-A2  and  LBI-A4  were  also  Influenced 
by  this  varying  sample  gas  pressure. 

The  radiation  sensitivity  of  the  LBI  series  is  an  important  quality. 

The  transparency  of  the  glass  fibers  used  in  this  insulating  scheme 
coupled  with  their  low  Inherent  solid  conductivity  causes  the  insula¬ 
tion  system  to  be  Influenced  primarily  by  radiation.  Other  experimenters 
(Reference  I8,  19,  and  20 )  have  found  radiation  a  major  heat  leak  In 
evacuated  Insulations. 

The  total  heat  leak  may  be  considered  to  consist  of  a  solid  conduction 
term,  a  gas  conduction  term,  cmd  a  reidlatlon  term,  or: 
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Is  the  total  heat 

is  the  radiated  heat 

is  the  gas  conducted  heat 

Is  the  solid  conducted  heat 

If  the  gas  pressure  Is  very  low  and  the  solid  conduction  very  low,  the 
total  heat  is  nearly  proportional  to  the  radiation  tern,  or: 

Exaalnatlon  of  the  paraaeters  affecting  reveals  the  following 
relationship: 

%  =  <r  e  A 


where 

s 

‘Js 


where 

a  is  Stefan-Boltznann  constant 
e  is  net  system  enlsslvlty 
A  is  shape  factor 

T-  and  T-  refer  to  the  hot  and  cold  temperature  boundaries, 

“  ^  respectively 

This  equation  is  independent  of  distance  or  thickness,  but  the 
thermal  conductivity  is  a  function  of  thickness  as  proved  e:qperi- 
nentally  and  shown  analytically  below.  Apparent  thermal  conductivity 
test  results  must  be  used  only  with  their  particular  insulation 
thicknesses. 

Tests  on  IBZ-A2  and  LBI>a4  Indicate  the  validity  of  the  above 
analysis.  The  test  sample  was  thicker  than  the  LBI-A2 

sag^le  and  its  appeo^nt  thermal  conductivity  was  greater.  The 
reason  being,  if  a  given  radiation  component  is  the  same  in  two 
instances,  with  the  system  emisslvlty  and  other  paraaeters  remaining 
constant  and  only  the  Insulation  thickness  wled,  the  total  heat 
leak  across  both  systems  will  remain  the  same  (ignoring  the  small 
solid  conduction  ten  for  the  present). 
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Placing  these  heat  leaks  Into  a  Fourier  equation  results  In  a  linear 
relationship  between  conductivity  and  Insulation  thickness. 
Algebraically, 


St  -  %  *  «s 


where 


Qg*  0 

and 

If  h 

Qg  =  cr  €  A  (Tg  -  T..  ) 


using 


k  A^ 


where 


k  Is  apparent  thermal  conductivity 
0^  is  heat  transferred 
AT  Is  temperature  difference 
£X  Is  Insulation  thickness 

All  other  notation  is  as  previously  described. 

Therefore, 

k  A  g  =  a  €  A  (Tg'*  - 

Since  all  the  other  parameters  were  assumed  constant  and  only  £X 
varied,  E  Is  proportional  to  AC.  The  results  of  the  tests  on  LBI-A2 
and  LBI->a4  support  these  assumptions. 

To  apply  a  relationship  to  a  transparent  Insulating  system,  such  as  the 
LSI  series,  where  the  system  emissivity  is  the  controlling  total  heat 
leak  factor,  an  effective  system  emissivity  would  be  a  far  better  choice 
than  the  Fourier  relationship.  The  LBI  series  would  then  be  described 
by  Christiansen's  formula,  which  Is^ 


®net  “  (1  -  €^)  p 
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where 


®net  system  emissivity 

Is  hot  boundary  emissivity 

is  cold  boundary  emissivity 

p  is  ratio  of  cold  surface  area  to  waim  surface 

Applying  this  relationship  to  the  radiation  equation,  the  following  is 
obtained. 


Or  =  ’  *n.t  *  (’’h*  -  ■'o'"’ 

In  the  above  relationship,  if  an  increase  in  temperature  occurs  on  either 
wall,  the  resulting  Increase  in  the  net  system  emissivity  can  cause  the 
amount  of  heat  flowing  between  boundaries  to  Increase.  When  the  Fourier 
equation  is  used,  this  phenomena  causes  an  Increase  in  apparent ' thermal 
conductivity.  The  former  statement  is  obvious  in  the  case  of  an  Increase 
in  temperature  of  the  hot  wall,  but  also  true  for  an  increase  in  tempera¬ 
ture  of  the  cold  wall.  That  is  to  say,  that  for  a  small  temperature 
Increase  of  the  cold  wall  the  Inherent  Increase  of  the  cold  wall  emissivity 
can  increase  the  and  thus  the  heat  transport,  more  than  the  decrease 

in  heat  transport  caused  by  the  smaller  temperature  difference  between 
walls. 

Because  of  the  foregoing  reasoning,  the  heat  tremsferred  between  boundaries 
is  a  function  of  both  the  temperature  difference  and  the  emissivity  of  the 
system,  and  the  emissivity  is  dependent  upon  the  temperature  levels. 

Beallzlng  the  shortccmlngs  involved  when  a  radiation  sensitive  insulation's 
thermal  performance  is  described  by  an  apparent  thermal  conductivity,  the 
use  of  the  Fourier  relationship  is  acceptable  only  if  it  is  used  with  a 
given  thickness. 

2.3  Application  of  Insulation 

The  mechanical  properties  of  an  insulation  and  the  method  by  which  it 
lends  itself  to  application  on  the  tcmk  wall  are  essential  considerations 
in  the  choice  of  insulation  matericd.  For  a  given  tank  configuration, 
the  contraction  and  expansion  can  be  calculated.  Mechanical  applica¬ 
tion  of  the  insulation  may  be  the  only  alternative  if  the  tank  material, 
wall  thickness^  wall  length,  and  environmental  conditions  sure  such  that 
large  dimensional  changes  occur.  On  the  other  hand,  if  the  tank  has 
good  dimensional  stability,  the  insulation  could  be  bonded  to  the  tcuik 
wall  with  adhesives. 
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As  a  Bolded  solid,  Nla>K  1301  Is  particularly  adapted  to  adbeslre  bonding 
but  could  be  attached  by  mchanlcal  aeans.  Nln-K  30^  has  little  or  no 
Mechanical  strength  and  does  not  lend  Itself  to  either  Method  but  finds 
utility  as  a  filling  Material  for  honeycosb  structures. 

FosMs  cosie  In  a  Tcurlety  of  fons  and  can  be  attached  by  either  MechanlceO. 
Methods  or  adheslres. 

Insulation  applications  using  bonding  techniques  Must  use  an  adheslre 
and  Insulation  that  can  withstand  the  dlaenslonal  changes  occasioned 
by  large  tsnperature  changes  and  changing  internal  tank  pressure.  It 
has  been  detenslned  that  a  maxlnun  clrcunferenticJ.  elongation  of  less 
than  1^  takes' place  on  the  proposed  test  tank  during  typical  heat  tower 
test  run.  The ^ differential  expansion  between  netal  and  Insulation  Is 
slight,  nie  subject- of  low  tenperature  adheslre  bonding  Is  treated  In 
scsie  detail  by  McCllntock  and  Hlza  (Reference  21),  and  HeCllntock  and 
Van  Gundy  (Reference  10). 

Laboratory  tests  detemlned  a  proper  adheslre  for  use  la  bonding  Mln-K 
to  netal.  Amstrong's  A-k  Epoxy  Resin  is  suitable.  The  adhered  sanples 
were  dunked  In  liquid  nitrogen  to  detemine  If  differential  esqpansion 
rates  would  cause  adheslre  failure.  The  tests  were  negatlre  fros  which 
this  adheslre  was  deased  suitable  for  use.  Section  2. 2. 1.2. 3  of  FIIU)! 

MR  6o-2  details  the  application  of  Mln-K  30^  'bo  the  7>000-gallon  stainless 
steel  test  tank. 

Two  prine  possibilities  are  erident  when  considering  Mln-K  30^  and  I30I 
as  Mechanically  attached  Insulations:  (1)  Mln-K  30^  filled  phenolic 
honeycoab,  and  (2)  asbestos  filled  phenolic  plastic  facing  bonded  to 
Mln-K  1301.  The  first  Insulation  utilizes  a  large  cell  phenolic  honeyccab 
structure  filled  with  Mln-K  30^  and  faced  on  both  sides  with  a  thin 
asbestos -filled  phenolic  sheet  (Figure  42).  Ihis  Material  can  be 
perfonsed  In  90*  se^sents  to  fit  a  glren  tank  raidius.-  This  coaibinatlon 
prorides  a  Material  with  a  density  of  approxlaately  16  lb/ft3  and  a 
"k"  factor  of  .16  BTU-in/hr-ft2-*R,  both  of  which  are  superior  to 
Min-K  1301.  The  phenolic  facing  also  elialnates  the  problsa  of  surface 
sealing  which  is  necessary  to  prerent  cryogenic  punplxig  through  a  porous 
Material. 

The  second  Insulation  possibility  utilizes  the  product  Nln-Xlad  which 
Incorporates  a  layer  of  Nln-K  I30I  bonded  to  a  thin  asbestos  filled 
phenolic  sheet.  This  Material  can  be  either  bonded  or  Mechanically 
aVtached  to  the  tank.  Specific  rsilues  of  density  and  thernal  conductirlty 
will  depend  on  the  thickness  of  the  phenolic  sheet  and  the  Mln-K  I30I; 
howerer,  they  will  be  higher-  than  an  equlralent  thickness  of  the  honey- 
conb  filled  with  Mln-K  304. 

While  these  Materials  continue  to  show  Increased  promise  for  cryogenic 
tank  application,  they  cannot  be  considered  as  the  qptlmuM  Insulation 
Material,  since  only  prellMlnary  computer  ansiLysls  has  been  completed. 
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2.3>1  Methods  of  AdhaslTC  Insulation  Applleatloa 


Two  (2)  aethods  of  adhesire  boziding  are  under  consideration  and  sure 
Illustrated  in  Figures  U3  and  44.  Figure  43  shows  the  preforaed  Min-K 
or  honeyeoab  structure  bonded  to  the  tank  over  its  entire  surface. 

This  aethod  assuaes  that  the  extremes  of  dlaenslonal  change  can  be 
withstood  by  the  adhesive  bond  and  the  insulation  aaterlal.  The  need 
for  Joint  and  end  seeLLlng  of  the  segaents  is  largely  ellalnated  by 
this  method. 

Figure  44  shove  an  adhesive  bonding  aethod  which  would  allow  the  insu¬ 
lation  to  "work"  with  the  tank  through  the  overlapping  Joints  of  the 
segaents.  This  concept  requires  some  aethod  of  flexible  sealing  along 
the  Joints  and  ends  of  the  segaents  in  order  to  prevent  air  condensation 
between  the  Insulation  and  the  tank  wall. 

2.3*2  Methods  of  Mechanical  Insulation  Application 

Any  aethod  of  aechanlcal  attachment  aust  allow  the  Insulation  to  move 
in  conjunction  with  tank  expansion  and  contraction.  Several  aethods 
of  aechanlcal  attachment  were  studied  and  one  of  these  is  depleted  in 
Figure  43.  This  method  would  attach  a  filled  honeycomb  structure  to 
the  tank  wsdl  by  means  of  abort  aetal  studs.  The  studs  would  be  spaced 
down  the  center  of  each  90*  segment  and  would  protrude  only  through  the 
inner  face  of  the  hcxieycaab  where  a  locking  nut  would  be  applied,  ihe 
segment  Joints  would  be  overlapped  and  sealed. 
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FIGURE  43 

ADHESIVE  BONDING  OF  MIN-K  INSULATION 
(ENTIRE  SURFACE  BONDED) 
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FIGURE  kk 

ADHESIVE  BOHDIEG  OF  MIH-K  IHSUUTIOR 
_ (SroiP  BOBBED) _ 
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3.0  ENCAPSULATKMI  MAJERIAIfi 


3.1  Selection  of  Encapsulation  Materials 

An  optlauB  encapsulation  aaterlal  should  be  thin,  lightweight,  and  of 
low  porosity  capable  of  withstanding  high  surface  temperatures. 

nie  use  of  high  thermal  efficiency  insulations  produces  exterior  surface 
temperatures  that  would  exceed  the  temperature  limits  of  Mylar  and  some 
other  organic  materials.  Therefore,  other  methods  and  materials  were  con¬ 
sidered  such  as  silicone  rubber  and  plastic  laminates. 

With  the  use  of  metal  encapsulations  such  as  stainless  steel,  the  expected 
teiQwratures  will  be  below  material  operating  limits.  The  stainless  steel 
encapsulation  also  provides  a  weldable  material  thereby  ensuring  a  positive 
seal  for  evacuation  purposes.  This  type  of  encapsulation  could  be  provided 
with  corrugations  or  beads  to  allow  the  tank  structure  to  expand  or  contract 
from  pressure  and  temperature  changes.  Other  beneficial  effects  from  the 
metal  encapsulations  Include  protection  from  meteorite  penetration,  cosmic 
radiation  (radiation  having  a  pronounced  detrimental  effect  on  plastics, 
elastomers  and  organic  materials),  and  a  probable  lessening  of  the  acoustic 
fatigue  problem.  In  regeo'd  to  the  latter,  the  metal  encapsulation  In  con¬ 
junction  with  the  tank  sidewall  Insulation  would  serve  as  "panel  damping" 
of  the  acoustical  vibration  from  high-sound  pressure  levels  generated  by 
large  rocket  engines  and,  thus,  would  protect  primary  tank  structure. 

3.1.1  Encapsulation  Concepts 

Several  encapsulation  concepts  were  studied  for  the  7000-g8illon  tank 
designed  for  the  Flight  Simulation  Test  Program.  A  preliminary  study- 
revealed  that  the  use  of  a  thin  silicone  rubber  sheeting  formed  and  vulcanized 
Into  an  undersized  cylinder  which  could  be  stretched  over  the  tank  sidewall 
would  have  temperature  capabilirtles  of  300-600*F.  Another  method  studied 
was  the  use  of  thin  strips  of  glass  reinforced  plastic  that  would  be  spiral 
wrapped  euround  the  -tank  In  a  manner  such  that  each  wrap  lapped  over  the 
previous  wrap  by  approximately  one-half  the  width  of  the  strip.  The  strip 
would  be  bonded  at  the  overlap  with  a  hlgh-temperature  adhesive.  This 
system  would  have  a  temperature  range  of  about  600-700*F.  Another  method 
was  to  use  aluminum  foil  strips  spiral  wrapped  around  the  tank  and  bonded  to 
Itself  where  It  overlapped  on  each  turn. 

It  was  expected  that  the  optimum  -thickness  of  the  initial  insulations 
encountered  In  the  Insulation  study  would  not  produce  surface  temperatures 
that  would  require  a  metallic  encapsulating  sheath  or  require  the  hlgh- 
temperature  materials  mentioned  above.  Therefore,  a  Mylar  film  encapsu¬ 
lation  was  given  major  consideration. 
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3.2  Hylar  Eneapsulatlon 


The  first  choice  for  an  encapsulation  naterlaJ.  for  the  7000-gallon  test 
tank  was  Hjrlar.  This  aaterial  when  heated  to  approxlnately  330*F  shrinks 
a  cmslderable  amount.  Calculations  were  perfoxmed  to  determine  the 
Ideal  shrinkage  so  that  the  fabricated  cylindrical  bag  of  Mylar  could  be 
made  the  correct  orersize.  This  cylinder  was  then  to  be  shrunk  fit  on 
top  of  the  Mln-K  Insulation.  Later  test  results  of  the  cylinder  shrink 
tests  appear  in  Section  3*2.2. 

The  proposed  method  of  shrinking  the  M/lar  encapsulation  on  the  test  tank 
was  as  follows:  The  Mylar  cylinder  was  fabricated  two  percent  owersize 
In  diameter  and  four  feet  in  length.  Extra  size  allowance  In  length  was 
used  to  attach  a  hoop-type  weight  on  the  lower  end  so  the  cower  could  be 
placed  In  tension  while  heat  shrinking.  When  shrinking  was  completed^ 
the  ends  of  the  shrunk  My^lar  cylinder  would  then  be  trimmed  and  bonded 
to  the  tank  sealing  anwlls. 

Difficulties  were  experienced  with  shrink  tests  of  the  Mylar  cover,  so 
this  material  was  abandoned  as  an  encapsulation  for  the  7^ 000-gallon  test 
tank.  Temperature  control  and  non-uniform  shrinkage  were  the  difficulties 
encountered. 

3.2.1  Mylar  Encapsulation  Laboratory  Tests 

A  shrink  test  of  a  sample  of  Mylar  material  was  performed  to  confirm 
available  manufacturer's  data  concerning  the  bag.  A  rectangular  section 
of  0.002-lnch  Mylar,  17-*'7/3  Inches  by  20-13/16  inches,  was  measured  and 
marked  as  shown  In  Figure  46.  This  sample  was  subjected  to  3^*F  tesqpera- 
ture  In  an  oven,  and  the  sample  shrank  to  the  dimensions  shown  In 
Figure  46.  The  lengthwise  shrinkage  was  3^  and  3.^^  loQg  and  short, 
respectively.  These  results  agreed  reasonably  well  with  the  manufacturer' 
shrinkage  vs.  temperature  data. 

To  obtain  a  suitable  method  for  shrinking  the  large  test  tank  encapsu¬ 
lating  bag,  the  test  described  below  was  made  with  the  idea  of  using 
Infrared  bulbs  to  apply  the  heat.  The  experimental  device  is  shown  in 
Figure  47.  Careful  temperature  control  was  obtained  by  continuously 
reading  the  thermocouples  and  adjusting  the  height  of  the  Infrared  bulb 
mounting  board.  The  Mylar  sample  was  painted  with  Super-flake  conductive 
coating,  scribed  with  measured  grid  lines,  and  taped  to  the  mounting  box 
to  assure  a  constant  distance  to  the  heating  bulbs.  Results  from  the 
tests  were  erratic  as  the  conductive  costing  was  incapable  of  diffusing 
the  heat  from  the  infrared  bulbs.  Spots  opposite  the  bulbs  were  puckered 
from  shrinkage  making  oversLLl  shrinkage  measurements  unrealistic.  From 
these  laboratory  tests.  It  was  concluded  that  a  more  uniform  method  of 
heat  application  was  necessary. 
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FIGURE  he 
LABORATORY  TEST 
(MYLAR  SHRINKAGE) 
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FIGURE  U7 

l>nfLAR  SlffillvTC  TEST  APIVLRATIIS 


I 

I 
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3.2.2  Heat  Tower  Tests  on  Mylar  Bag 


Saaple  sections  of  the  Mylar  bag  were  nounted  on  the  stainless  steel 
practice  cylinder  for  testing  In  the  heat  tower.  It  was  felt  this  would 
give  the  uniform  heat  necessary  to  shrink  the  Mylar. 

One  large  Mylar  bag  was  cut  into  short  cylinders  for  the  tests.  First, 
an  unpalnted  cylindrical  sample  four  feet  high  was  taped  to  the  stainless 
steel  practice  cylinder  and  placed  adjacent  to  the  upper  four  heat  zones 
of  the  heat  tower.  Heat  was  programmed  Into  these  four  zones  by  manual 
control  of  the  heat-rate  controllers.  The  upper  dome  of  the  vacuum  bell 
was  left  off. 

Temperature  readings  up  to  400®F  from  the  thermocouples  on  the  stainless 
steel  test  cylinder  were  necessary  to  cause  shrinkage.  The  I^lar  tempera¬ 
ture  probably  lagged  because  of  the  transparency  of  the  .Mylar.  Over¬ 
all  results  indicated  that  the  heating  of  the  Myler  was  not  uniform  because 
of  uneven  shrinking. 

For  the  next  test,  another  four-foot-high  cylinder  of  Myl®^  was  used. 

The  t^lar  was  painted  with  Super-flake  conductive  coating,  and  the  control 
thermocouples  were  fastened  to  the  outer  side  of  the  Mylv*  bag  directly 
exposed  to  the  heating  lamps.  Five  banks  of  heating  lamps  were  used. 

The  heat-rate  controllers  were  programmed  with  prepared  graphs.  The  pro¬ 
gram  called  for  gradually  increasing  the  temperature  up  to  200*F.  The 
temperature  was  held  constant  at  this  point  for  the  remainder  of  the  ten- 
minute  program.  During  this  test.  Zone  3  had  a  malfunction  euid  flashed 
brightly  for  one  to  two  seconds.  This  completely  vaporized  the  Mylar 
opposite  Zone  3. 

Similar  programs  were  run  with  peak  temperatures  of  250®F,  275“F,  and 
300"?.  Shrinkage  results  of  these  tests  are  shown  in  Table  10.  A  graph 
of  shrink  vs.  temperature  was  drawn  to  compare  with  the  manufacturer's 
data  (Figure  48). 

For  the  final  test,  the  remainder  of  the  Mylar  bag  was  used.  The'  s-tain- 
less  steel  test  tank  was  supported  one  foot  above  its  normal  position  in 
the  heat  tower.  The  My^  upper  end  was  taped  to  the  stainless  steel 
cylinder  opposite  Zone  8.  A  steel  hoop  was  attached  to  'the  bot-tom  end  of 
the  Mylar  bag  placing  the  B^lar  in  tension.  The  control  thermocouples 
were  mounted  on  the  outside  of  the  Mylar,  Heat-rate  controller  programs 
were  drawn  gradu«Q-ly  increasing  the  temperature  to  350“F.  The  tempera¬ 
ture  was  main-talned  constant  for  10-minute  intervals  starting  at  200®F 
and  at  each  added  25*F  increment. 

When  the  temperature  reached  310“F,  the  tensioning  hoop  ring  dropped  onto 
the  bottom  tank  rest.  The  test  was  discontinued  temporarily  to  inspect 
the  upper  tape  bond.  Satisfied  that  the  -tape  had  not  released,  heat  was 
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TABLE  10 

MYIAB  CYLZMDER  SHRINK  TEST  (THERMAL  FACIUTT) 
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2.33i 


FIGURE  48 

RESULTS  OF  TIIERMAL  FACILITY  MYIAR  SHRINK  TESTS 
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again  programmed  in.  The  Mylar  and  paint  started  to  smoke,  indicating 
excessive  Mylar  temperatures  before  attaining  300*F  indication  on  the 
control  theimocouples.  The  test  vas  discontinued,  and  the  sample  was 
removed  for  inspection. 

Inspection  from  all  the  heat  tower  tests  indicated  the  Mylar  vas  exposed 
to  uneven  heating  and  excessive  temperatures.  Because  of  this,  uneven 
shrinkage  and  some  heat  damage  was  encountered  on  all  the  test  samples. 

The  difficulties  encountered  with  Mylar  as  an  encapsulating  material 
resulted  in  abandoning  it  for  an  encapsulation  material  for*  the  7,000 
gallon  test  tank. 

3.3  Silicone  Rubber  Ihipregnated  Flberglas  Encapsulation 

The  encapsulation  sheath  that  vas  actually  used  to  enclose  the  MLn-K  30U 
insulation  of  the  7j>000  gallon  test  tank  was  silicone  rubber  liiipregna,ted 
flberglas  and  aluminum  foil.  This  encapsulation  consisted  of  an  aluminum 
foil  layer  of  2->fflil  thickness  layed  on  top  of  the  Hin-K  followed  by  two 
layers  of  flberglas  wrapping  alternated  with  sprayed-on  silicone  rubber 
for  a  total  thickness  of  .030  Inches. 

In  order  to  predict  the  behavior  of  the  silicone  rubber  encapsulation  with 
changes  in  tank  pressure  and  temperature,  an  elastic  analysis  was  per- 
formed  for  the  encapsulation  subject  to  the  environment*  of  the  7,000  gallon 
test  tank.  Preliminary  tests  indicated  that  the  coefficient  of  thermal 
expansion  (contraction)  of  the  encapsulating  material  vas  considerably 
higher  than  the  metal  tank  wall.  Therefore,  tke  analysis  was  made  to 
determine  the  encapsulation  temperature  and  tank  pressure  that  produces 
meridional  tension  stresses  in  the  encapsulation  equal  to  the  allowable 
tensile  stress. 

Equations  were  derived  for  finding  the  minimum  allowable  encapsulating 
temperature,  the  limit  tensile  circumferential  load  in  the  encapsulating 
materled,  and  the  limit  shear  load  at  the  sealing  emvll.  ^Hiese  equations 
were  programmed  into  the  Bendlx  6-1^  dlglted  computer  along  with  a^ program 
to  read  out  the  margins  of  safety  against  shear  at  the  anvil,  tensile  failure 
at  the  anvil,  and  tensile  failure  around  the  teink  circumference.  Several 
assumptions  were  made  regarding  the  derived  equations  so  the  calculations 
could  proceed.  They  are  as  follows: 

(1)  Compressibility  of  the  Mln-K  insulation  does  not  vary  significantly 
within  the  low -temperature  range. 

(2)  The  modulus  of  elasticity  of  the  encapsulating  material  is  directly 
proportional  to  the  ultimate  stress  with  varying  temperature. 

(3)  The  average  coefficient  of  thermal  contraction  of  the  encapsulating 
material  from  +80“F  to  -320*F  (liquid-nitrogen  temperature)  is 
applicable  for  the  range  -tB9*F  to  -424*P  (liquid-hydrogen 
temperature ) . 
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(li-)  Ultimate  stress  sad  critical  stress  vary  linearly  vlth  temperature. 
(3)  Sliding  friction  is  negligible. 

Tests  of  the  encapsulating  material  vere  conducted  to  determine  the  modu¬ 
lus  of  elasticity  and  thermal  coefficient  of  expansion  at  room  and  liquid 
nitrogen  temperatures.  Also^  compression  tests  were  conducted  to  determine 
whether  the  Mln-K  30^  insulation  would  compress  and  rellei^  some  of  the 
stress  in  the  encapsulating  material.  Compression  of  the 'insulation  was 
found  to  be  negligible,  and  little  or  no  stress  relief  can  be  expected. 

The  results  of  this  analysis  produced  the  following  values: 

(1)  Minimum  allowable  encapsulating  temperatures  *  -215*F 

(2)  Limit  tensile  circumferenclal  load  »  70*6  lb 

(3)  Limit  shear  load  at  the  sealing  anvil  >  20.0  lb 

(U)  Pressure  exerted  on  tank  wall  by  encapsulation  «  1.3  pel 

(5)  Margin  of  safety  of  shear  at  the  sealing  anvil  ■  0 

(6)  Margin  of  safety  in  meridional  direction  s  +3^ 

(7)  Margin  of  safety  in  circumferenciia  direction  «  +6f) 

The  conclusions  that  can  be  drawn  from  the  results  are: 

(1)  The  encapsulation  material  will  fall  (rupture)  if  the  teiapera- 
ture  is  allowed  to  go  below  -213*P. 

(2)  This  imposes  an  operation  limitation  on  the  test  tank  such 
that  it  cannot  be  allowed  to  set  very  long  with  liquid  hydrogen 
with  the  vacuum  bell  evacuated  or  the  encapsulation  will  become 
too  cold. 

(3)  The  vacuum  bell  should  not  be  evacuated  when  filling  with 
liquid  hydrogen  because  this  will  decrease  the  allowable 
hold  time  before  the  encapsulation  will  become  too  cold. 

3.4  Bonded  Aluminum  Foil  Encapsulation 

The  second  encapsulation  covering  that  actually  was  tested  on  the  7 >000 
gallon  test  tank  Involved  the  use  of  one  mil  aluminum  foil.  This  concept 
specified  for  the  tamk  to  be  wrapped  with  three  (3)  laiyers  of  aluminum 
foil  in  a  spiral  manner.  Each  wrap  would  overlap  the  previous  wrap  approxi¬ 
mately  30i>  of  its  area  and  be  bonded  together  by  a  film  of  silicone  rubber 
to  form  a  vacuum  tight  sheath. 
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were  perfomed  to  check  the  streeses  In  the  cover  sb  it  cooled 
down  and  contracted.  Fron  this  Investigation,  the  aaount  of  slack  to  be 
built  into  the  cover  was  detenined.  Sore  assurptions  had  to  be  mde 
since  corplete  inforaation  was  not  available  that  applied  to  the  actual 
conditions  to  be  imposed  on  the  cover.  However,  it  appeared  the  cover 
would  stand  the  stress  levels  iaposed  upon  it  if  our  assumptions  proved 
to  be  reasonably  accurate. 

The  cover  was  tested  for  vacuum  tightness  and  was  deemed  capable  of  pro> 
tectlng  the  insulation  and  tank  wall  fron  the  liquefying  of  air. 

Several  thermal  tests  were  performed  on  this  encapsulating  coneapt  with 
the  tank  full  of  liquid  hydrogen.  After  several  fill  and  drains  were 
performed,  the  cover  failed  by  splitting  open  fron  top  to  botton. 
Apparently,  the  built-up  layers  of  silicone  rubber  had  contracted 
considerably  more  than  data  indicated  and  had  overstressed  the  a1  iinlntnn 
foil  causing  it  to  fall. 

Since  the  thermal  tests  to  be  conducted  on  the  tank  Itself  and  its  insu¬ 
lation  specified  a  highly  reflective  cover,  a  single  wrap  of  aluminum 
foil  was  Installed  with  the  seams  sealed  by  aluminum  pressure  sensitive 
tape.  However,  the  cover  was  not  Intended  to  be  evacuated  but  only  to 
provide  a  reflective  cover  so  tests  on  the  tank  itself  could  continue. 
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Specification  for  Testing  Welded  Thin-Sheet  Titanium  Alloy  at  Extrane 


Tenroerature  to  1000°F) 


ISSUED. 


WRITTEN  iV. 


J.  E.  Bell 


-REVISED. 


1.0  SCOPE 

This  specification  Is  submitted  to  Titanium  Metals  Coiporatlon  of  America 
In  conjunction  vlth  testing  of  a  thin-sheet  titanium  alloy  at  various  tem¬ 
perature  conditions.  It  Is  Intended  that  Beech  Aircraft  Corporation  and 
Titanium  Metals  Corporation  of  America  will  Jointly  pefform  the  specifica¬ 
tions  as  outlined  under  Section  3.0  requirements. 

2.0  PTTRODUCTION 

Beech  Aircraft  Coiporatlon  Is  presently  conducting  a  material  evaluation  pro¬ 
gram  for  anticipated  use  vlth  large  thin -gage  pressure  vessels.  Pi'elliniuary 
Investigations  Indicate  that  titanium  alloys  provide  many  good  charcusteris - 
tics  vhlch  are  particularly  favorable  for  the  pressure  vessel  design  program. 

The  purpose  of  this  specification  Is  to  outline  specific  tests  which  must  be  . 
performed  prior  to  an  actual  design  program.  The  following  factors  are  con¬ 
sidered  as  a  basis  for  the  test  specification. 

1)  Available  manufacturers'  data  Is  not  considered  applicable 
to  welded  thin -skin  techniques. 

2)  Available  manufacturers'  data  does  not  Include  extreme  tem¬ 
perature  properties  of  welded  material. 

Since  the  Beech  application  Is  concerned  with  extreme  teoqperature  conditions 
(-li23*F  to  1000*f),  It  becomes  evident  that  sample  materlcG-s  under  simulated 
conditions  must  be  tested  prior  to  actued  fabrication. 

The  outlined  tests  listed  In  this  specification  will  be  utilized  as  basic 
data  with  which  Beech  can  launch  a  preliminary  design  program.  The  test 
data  will  not  be  construed  to  mean  it  can  be  published  as  qualified  design 
data;  but^  rather,  a  specific  condition  that  must  be  verified  for  Beech. 
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3.0  REQUIREMEHTS 

It  Is  anticipated  that  a  minimum  of  72  test  specimens  as  Illustrated  In 
Figures  1  and  3  vlU  be  utilized  during  the  test  program.  Titanium  alloy 
Ti-6Al-4v  in  the  annealed  condition  vlU  be  furnished  to  Beech  whereby 
proficient  welding  techniques  will  be  determined  for  the  thin -sheet  appli¬ 
cation.  Upon  coiiQpletlon  of  this  phase^  a  portion  of  the  welded  sheet 
specimens  will  be  returned  to  TIMET  for  sizing  and  tensllh  testing  as 
outlined  in  Section  3;1.1. 

Prior  to  shipment  to  TINET^  the  tensile  specimens  shall  be  X-ray  Inspected 
and  leak  checked  whereby  the  welding  shall  be  considered  eicceptable.  ’  This 
inspection^  in  addition  to  bend  testing^  linpact  testing  and  specified  ten¬ 
sile  testing  as  outlined  in  Sections  and  3>1>3>  will  be  per- 

fonned  by  Beech  Aircraft  Coiporation. 

3.1  Teat  Program 

Test  specimens,  of  annealed  T1-6a1-4v  sheet  will  conform  to  ASTM,  ASME  or 
testing  facility  standards.  Tests  to  be  performed  are  tensile,  bend  and 
intact  as  outlined  below. 

3.1.1  Tensile  Tests 

Test  specimens  will  be  cut  f rcm  a  welded  sheet  of  annealed  T1  -6a1.-4v  at 
an  angle  with  the  weld  as  specified  in  Figure  1.  This  wll],  allow  tansile 
tests  with  three  weld  directions;  longitudinal,  transverse  and  45”  anj^e. 

3.1.1. 1  Tensile  Tests  Required 

Tehslle  Tests  A,  B  and  C  are  considered  essential  as  preliminary  design 
data  and  should  be  completed  at  an  early  date.  Tensile  Tests  D,  E  and  F 
will  supplement  the  previous;  tests  for  additional  design  data.  Tensile 
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tests  0)  J  and  K  vlU  be  performed  for  future  required  data  which  covers 
the  coBiplete  temperature  range  of  the  Beech  application. 

Test  A  -  Fouis  (4)  longitudinal  welded  specimens  and  two  (2) 
nonwelded  specimens  of  . 6l6" -thickness  Ti-6Al-4v 
annealed  sheet  shall  be  tested  at  1000*F  temperature. 

Parent  metal  grain  direction  shall  be  tested  as 
shown  In  Figure  1,  Specimens  through  Ag. 

Test  B  -  Four-(U)  transverse  welded  specimens  of  . 0l6" -thickness 
Ti>6Al'4v  annealed  skeet  shsQl  be  tested  at  1000*F 
temperature.  Two  (2)  of  the  welded  specimens  (B^and  Bl) 
shall  be  notched  .032  Inch  on  each  edge  of  the  weld 
area.  This  modification  is  to  assure 'the  weld  will 
fracture/  thus  providing  tensile  and  ductility  data 
on  the  weld  proper.  Parent  metal  grain  direction 
shall  be  tested  as  shown  In  Figure  1,  Specimens  E, ,  B-, 
and  Bj^.  ^ 

Test  C  -  Four  (k)  43”  angle  welded  specimens  of  .016" -thickness 
T1-6a1-4v  annealed  sheet  shall  be  tested  at  lOOO'F  tem¬ 
perature.  Parent  metal  grain  direction  shall  be  tested 
as  shown  In  Figure  1,  Specimens  C2/  and 

Test  D  -  Four  (4)  transverse  welded  specimens  of  .  016" -thickness 
T1-6a1-4v  annealed  sheet  shall  be  tested  at  -180*F  tem¬ 
perature.  Two  (2)  of  the  welded  specimens  (D.  and  Dl) 
shall  be  notched  .O32  Inch  m  each  edge  of  the  weld  ^ 
eurea.  Parent  metal  grain  direction  shall  be  tested  as 
shown  In  Figure  1,  SpedneQB  Dl  ,  Dp,  D„  and  A 
suggested  method  of  attednlng  TMs  neuperatvirS  Is  to 
mix  liquid  nitrogen  with  ethyl  alcohol  until  a  slush 
mixture  Is  formed. 
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Test  E  -  Four  (It^)  transverse  velded  specimens  of  .  016” -thickness 
T1-6a1-4v  azmealed  sheet  shall  he  tested  at  -321 ‘F 
teiqperature.  Two  (2)  of  the  velded  specimens  (E»  and  E|^) 
shall  be  notched  .032”  on  each  edge  of  the  weld  tu«a. 
Parent  metal  grain  direction  shall  he  tested  as  shown 
In  Flgifre  1^  Specimens  E^,  £»>  U-Quld 

nitrogen  may  he  used  to  Sttun  tMs  ten^rature. 

Test  F  -  Four  (4)  transverse  welded  specimens  of  .016” -thickness 
Tl-6jCl-4v  annealed  sheet  shall  he  tested  at  -423*F 
temperature.  Two  (2)  of  the  specimens  (F,  and  Fj^) 
shall  he  notched  .032  Inch  on  each  edge  of  the  veld 
area.  Parent  metal  grain  direction  shall  he  tested 
as  shown  In  Figure  1,  Specimens  F^,  Fg,  F„  and  Fj^. 

-  Liquid  hydrogen  should  he  used  to'''attun  -^s  tem¬ 
perature.  Beech  will  perfoim  this  test. 

Test  G  -  Four  (4)  transverse  velded  specimens  of  .016” -thickness 
T1-6a1-4v  annealed  sheei  shall  he  tested  at  room  tem¬ 
perature.  Two  (2)  of  the  specimens  (G.  and  Gj.)  shall  he 
notched  .032  Inch  on  ecuih  edge  of  the  veld  area.  Parent 
metal  grain  direction  shall  he  tested  as  shown  In 
Figure  1,  Specimens  G^^,  Gg,  G^  and  Gj^. 

Test  H  -  Same  as  Test  except  at  200”F  teoperature  per 
Figure  Ij,  Specimens  and 

Test  J  -  Same  as  Test  G,  exc^t  at  600*F  temperature  per 
Figure  1,  Specimens  J^,  Jg,  and  Jj^. 

Test  K  -  Same  as  Test  G,  except  at  dOO^F  temperature  per 
Figure  1,  Specimens  Kg,  and  Kj^^. 
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3*1*2  Bend  Testa 


Suitable  size  test  specimens  viU  be  cut  from  a  velded  sheet  of  anneeded 
T1-6a1^V.  See  Figure  1.  Each  test  will  be  a  guided  bend  type  conducted 
on  a  103*  vee  block  as  shown  In  Figure  2.  These  tests  will  be  performed 
with  the  bend  specimens  In  longitudinal  and  transverse  directions  and 
are  Intended  to  provide  weld  ductility  data.  The  bend  tests  will  be 
conducted  prior  to  the  tensile  tests  to  assure  the  welding  Is  void  of 
defects. 


3.1. 2.1  Bend  Tests  Required 

Test  L  -  Four  (4)  longitudinal  welded  specimens,  Figure  1,  Speci¬ 
mens  Ifc ,  Ig,  L,.  and  and  two  (2.)  nonwelded  specimens. 
Figure"*"!,  ^ecimens  and  I^,  of  .016" -thickness  Ti-6A1- 
4y  annealed  sheet  at  room  te^erature. 


Test  M 


Four  (4)  tremsverse  welded  specimens.  Figure  1,  Specimens 
IL,  I^,  Mo  and  of  .016" -thickness  Ti-6Al-4v  annealed 
sneet'^at  room  teafeerature. 


Test  N  -  Four  (4)  longitudinal  welded  specimens.  Figure  1,  Speci¬ 
mens  No,  No  and  Nj^  and  two  (2)  nonwelded  specimens 
Figure"*!,  tpecimens  HQ  and  Ng,  of  .016" -thickness  Ti-6A1- 
4v  annealed  sheet  at  2321°f  temperature. 


Test  P  -  Four  (4)  transverse  welded  specimens  of  .OI6" -thickness 
Ti-6Al-4v  annealed  sheet  at  -321  “^F  temperature. 

Figure  1,  Specimens  P^,  Pg,  P^  and  Pj^. 


3.1.3  Bapact  Tests 

Test  specimens  will  be  prepared  from  welded  sheet  for  the  V-notch  Charpy  im 
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105*  VEE  BLOCK  FOR  BEND  TESTS 
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pact  test#  The  puipose  of  this  test  Is  to  establish  the  quality  of  the 
weld  under  liqpact  at  the  extreme  temperature  levels*  These  tests  will 
be  perfoioed  with  the  weld  In  various  positions  to  the  parent  grain  di¬ 
rection.  (Figure  3 ) 

3*1. 3*1  Bnpact  Tests  Required 

Test  A  -  Four  (4)  transverse  welded  specimens  and  two  (2) 
nonwelded  specimens  of  .09(5” -thickness  Ti-6Al-4v 
annealed  sheet  at  -423®F  tenrperature,  Figure  3, 

Specimens  through  Ag* 

Test  B  -'l^FO  (2)  adjacent  to  weld,  nonwelded  specimens  of 

*098"  !n-6Al-4v  annealed  sheet  at  -Ji23®  temperaimre, 

Figure  .3,  Specimens  B^^  and  Bg 

Test  C  -  Two  (2)  Euijacent  to  weld,  welded  specimens  of  .O98" 

T1-6a1-4v  annealed  sheet  at  -423*F  temperature. 

Figure  3,  Specimens  and  Cg. 

3,1, U  Welding  Tolerance  Test  Required 

Tensile  tests  R,  S,  T,  U,  V,  W  and  X  will  be  performed  to  verify  the  maxi¬ 
mum  allowable  fabrication  tolerances. 

Test  R  -  Four  (4)  transverse  welded  specimens  of  . 016" -thickness 

T1-6a1-4v  annealed  sheet  shall  be  tested  at  room  temperature. 
Fairent  metal  grain  direction  and  mismatch  tolerances  shaLL 
be  in  accordance  with  Figure  4,  Specimens  R^,  Rg,  R^  and 

Rjj^. 

Test  S  -  Same  as  Test  R.  Figure  4,  Specimens  S^,  Sg,  and  Sj^. 
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Teat  T  -  Same  as  Teat  R.  Figure  4,  Specimens  Ti,  Tg,  T^  and  Tj^. 

Teat  U  -  Four  (4)  4$°  angle  velded  apecimens  of  .0l6"-thlckneBe 
T1-6a1>4v  annealed  sheet  sIielII  be  tested  at  room  tem¬ 
perature.  Parent  metELL  grain  direction  and  mismatch 
tolerances  shall  be  in  accordance  vlth  Figure  4,  Speci¬ 
mens  Ug#  and, 

Test  V  -  Same  as  Test  U.  Figure  4,  Specimens  V^,  Vg,  and  Vj^^. 

Test  W  -  Same  as  Test  U.  Figure  4,  Specimens  Wg,  and  Wj^. 

Test  X  -  Same  as  Test  U.  Figure  4,  Specimens  Xg,  X^  and  Xj^. 

Tensile  test  results  shall  be  in  accordance  with  Sections  3.2  and  3.2.1. 


3.1.5  Hydrogen  Embrittlement  Tests  Required 

Tensile  Test  Y  Is  considered  essential  in  determining  strength  effects  of 
6a1-4v  titanium  e^gposed  to  hot  hydrogen  gas  atmosphere  at  specified  tem¬ 
perature  and  time  elements. 

Test  Y  -  Forty  (40)  transverse  velded  specimens  of  .01^-thish - 

ness  Ti-6A1.-4V  annealed  siieet  shall  be  prepeured  accord¬ 
ing  to  detail  of  Figure  3*  The  specimens  In  pairs 
shall  be  placed  Into  a  100^  lU  gEis -environment  sealed 
test  tube.  Eight  (8)  test  tubes.  No  1  throu^  No.  9, 
shall' then  be  es^osed  to  a  ten^erature  of  200*  +  25*F 
as  outlined  in  Table  1.  Specimens  contedned  Inliubes 
No.'  10  through  No*  18  shall  be  held  to  room  temperature 
as  outlined  In  Teible  1. 
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Specimens  Y, ,  ^  and  Ypo  are  included  to  test  the 

normal,  qtialltiel  of^e  welaid  material  before  being 
exposed  to  the  hydrogen  gas.  These  specimens  vlU  be 
coapeoed  to  known  data  to  insure  the  welding  and  parent 
metal  are  of  good  quality. 


The  specimens  shall  be  removed  from  the  Bn  atmosphere 
Immediately  after  completing  the  eaqposed  time  period. 
Tensile  tests  results  shall  be  In  cu:cordance  with 
Sections  3.2  and  3.2.1. 


Tube  number 

Specimen  Number 

Time  at  Temperature 

- 

and  Yg 

Non-^  exposed  at  R.  T. 

1 

Y3  and  Yj^ 

1  hr.  at  200*  +  25'’F 

2 

Y5  and  Yg 

4  hrs.  at  200*  +  25®F 

3 

Yj  and  Yg 

8  hrs.  at  200®  +  25®F 

k 

Y9  and  Y^q 

24  hrs.  at  200*  +  25®P 

5 

^11  ^12 

48  hrs.  at  200®  +  25®F 

6 

^13  ^14 

96  hrs.  at  200®  +  25®F 

7 

^15  ^16 

168  hrs.  at  200®  +  25®F 

8 

^17  “^  ^18 

_ 216  hrs.  at  200®  +  25®F 

9 

^19  ^20 

264  hrs.  at  200®  ♦  25*F 

- 

%  ^22 

Non-Hg  exposed  at  R.  T. 

10 

Y23  ^24 

8  hrs.  at  R.  T. 

11 

Y25  and  Ygg 

24  hrs.  at  R.  T. 
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Tube  Number 

Specimen  Number 

Time  at  Tengperature 

i 

^27  "^28 

48  hrs.  at  R.  T. 

'  13 

^29  '^30 

96  hrs.  at  R.  T. 

14 

%  and  Y32 

168  hrs.  at  R.  T* 

'  15 

Y33  and 

264  hrs.  at  R.  T. 

l6 

^35  ^36 

432  hrs.  at  R.  T. 

17 

^37  ^38 

768  hrs.  at  R,  T. 

18 

Y39  “A  \o 

l440  hrs,  at  R.  T. 

3«2  Results  and  Documentation 

The  results  shall  he  recorded  in  a  reliable  engineering  procedure*  This 
procedure  shall  utilize  graphs,  tables,  photographs  and  familiar  methods 
of  cleEurly  conveying  the  results  to  a  potential  reader.  All  of  the  con- 
piled  data  will  eventually  be  supplemented  to  existing  known  data;  thus, 
all  terms  and  'units  used  should  be  consistent  with  existing  data* 


3*2.1  Tensile  Test  Results 

Tensile  test  results  shall  include  yield  strength  .2^  offset-psl,  ultimate 
tensile  strength-psl  and  percent  elongation  in  2  inches  of  the  parent  metal 
and  the  veld. 

3*2.2  Bend  Test  Results 

Bend  test  results  vill  be  visually  observed  and  recorded.  Any  weld  or 
parent  metal  defects  will  be  analyzed  for  reason  of  defect.  These  tests 
will  be  performed  prior  to  tensile  and  inipact  tests  to  verify  the  apparent 
ductility  of  the  velds. 
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3.2.3  Ilnpaet  Teat  Results 

Ibpact  test  results  shall  Include  the  foot-pounds  of  Inpact  absorbed  by 
the  test  specimens  at  the  required  teniperature. 
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SPECIFICATION  357262 


.  or. 


title _ Specification  for  Teatlng  Slmulatad  PoroBlty  In  6a1-Uv  Titanium  tlloy 

- I SSUED _ _ 


WRITTEN  BY _ L.  R.  Stoeckcr 


REVISED 


1.0  SCOPE 

The  purpose  of  this  specification  Is  to  define  the  method  of  approach  In 
establishing  a  lower  limit  for  determining  the  veld  acceptability  In 
6a1-^V  tltaoluffl  alloy  welded  Joints.  Because  of  a  lEu:k  of  suitable 
standards  regarding  acceptability  of  welded  Joints  containing  gas  pockets, 
entrainments  and  Inclusions,  It  hsis  been  decided  to  conduct  sufficient 
tensile  and  bend  tests  on  specially  prepared  specimens  which  would.  In 
effect,  duplicate  the  above  noted  defects. 


2.0  REQUIREMEaTS 

It  shall  be  required  that  a  tensile  test  and  a  bend  test  be  conducted 
on  each  of  the  proposed  test  speclm^s  as  outlined  In  Section  3*0. 
Complete  records  of  testing  standards,  methods  and  results  shall  be 
med.ntalned  and  returned  along  with  cCLl  test  specimens  to  Boulder  Engl* 
neerlng  at  the  conipletlon  of  the  test  program. 

2.1  Tensile  Tests 

All  tensile  tests  shall  be  conducted  with  a  speed  of  .03  In/ln-mln. 
Tensile  test  results  shall  Include  ultimate  tensile  strength  (psl), 

.2^  yield  strength  (psl),  and  percent  elongation  In  2  Inches.  The 
2 'Inch  gage  length  shall  be  equally  spaced  about  the  hole  perforations 
In  the  test  specimen. 

2.2  Bend  Tests 

All  bend  tests  shall  be  conducted  In  a  suitable  103^  vee  block  and 
with  a  bend  radius  equal  to  ten  times  the  test  specimen  thickness. 

Bend  test  results  shall  be  visually  observed  and  recorded. 
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Snaclfleatlon  for  Testing  Simulated  PoroBlty  In  6a1-4v  Titanium  Alloy  Welds 


ISSUED 


WHITTEN  wv  L.  Ro  Stoecker 


REVISED 


3.0  TEST  SPECIMEN  REaUIREaffiinS 
3*1  Welded  Blank 

A  suitable  velded  blank  shall  be  prepared  by  Boulder  Division  personnel 
utilizing  the  present  veiling  equipment  and  technique  per  B*  S.271^« 

This  blank. shall  be  X> rayed  per  B*  S»  2712  and  leak  checked  per  B>  S. 

6183  prior  to  shipment  to  Wlchltao 

3.2  Preliminary  Test  Specimen  Preparation 

All  test  specimens  (tensile  and  bend)  will  be  1"  x  6"  see  Figure  1. 

Any  individual  test  coupon  that  has  any  detectable  (by  X  ray,  electronic 
or  optical  means)  porosity,  inclusions,  cracks  or  surface  Irreguleurltles 
shall  not  be  used. 

3.3  Final  Test  Specimen  Pi-^aration 

All  test  specimens  vlU  be  prepared  in  accordance  vlth  Figure  1.  Prior 
to  welding  the  blank  as  noted  in  Section  3*1^  ei  reference  line  located 
1.0000"  from  the  edge  of  Joint  to  be  welded  will  be  made.  All  ulmenslons 
for  the  hole  centerlines  are  made  from  this  line  and  are  measured  per¬ 
pendicular  to  the  theoretical  centerline  of  the  weld  Joint.  Care  should 
be  exercised  in  locating  and  drilling  the  noted  holes. 

3.4  Teat  Spocimen  Identification 

All  test  specimens  shall  be  suitably  identified  in  the  following  manner; 

First  number  denotes  tensile  or  bend  specimen  (B  or  t). 

Second  number  denotes  number  of  boles  in  specimen. 

Third  number  denotes  diameter  of  hole  in  ten  thousandths. 

Fourth  number  denotes  distance  that  holes  are  located  from 
reference  line  in  himdredths. 
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_ spaelfleatlon  for  Taatlng  Slmulatad  Poroaltv  In  6a1  J*V  TltAnliim  Alloy  Welda 

- I SSUED _ 


WRITTEN  RV  T..  R.  Stoacker 


REVISED 


Example;  B-3-156-97  Is  the  bend  test  specimen  with  three  •0136-Inch 
diameter  holes  located  .9700”  from  the  reference  line. 


3.5  Test  Specimen  Inspection 

All  finished  test  specimens  shall  be  X  rayed  or  optically  Inspected 
to  determine  exact  hole  sizes  and  locations.  All  Information  shall 
be  recorded  and  returned  to  Boitlder  Engineering. 
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FIGURE  1 

TEST  SPECIMEN  CONFIGURATION 


(typ) 


-.5000 

(typ) 


^0138 

Dla. 

.0134 

thru 

J  (typ) 

—1.000 

T  (typ) 


•  3333 
(typ) 
t3333 
(typ) 


-.2500 

(typ) 

-r2500 

(typ) 


Reference  Line  (typ)- 

-—.2000  (typ)  / 

-—>2000  (typ)  / 
-  I  1.JOOOO  (typ) 


H.OOOO 

.9900 

.9800 

.9700 

.9600 

(Typical  for 
each  hole 
pattern ) 


.6159 

Dia. 

.0155 

thru 

(typ) 


.0183 

Dia. 

.0179 

thru 

(typ) 


1.  Two  test  specimens  of  each 
configuration  are  required. 

2.  Total  Tensile  Specimens  30 
Total  Bend  Specimens  50 


3.  All  test  specimens  to  he 
.018  -I-  .002  in  thickness. 


AFFTC  TR  60-43 


LIST  OF  REFERENCES 


1.  Engineering  Report  No.  62.66,  Establishing  Proven  Deelgn  Criteria 
for  Cryogenic  Boost  Tanka,  Qnarterly  Process  Report,  Beeehcraft 
Research  said  Development,  Inc.,  December  1958  (SECRET). 

2.  WADC  TK  59-101,  Establishing  Proven  Design  Criteria  for  Cryogenic 
Boost  Tanks,  Quarterly  Progress  Report,  Beechcraft  Researcn  and 
Development,  Inc.,  March,  1959>  (SECRET). 

3.  WADC  TN  59-177 >  Establishing  Proven  Design  Criteria  for  Cryogenic 
Boost  Tanks,  Quarterly  Progress  Report,  Beechcraft  Researcn  and 
Development,  Inc.,  June  1959  (SECRET); 

4.  JTERDI  MR59-1,  Establishing  Proven  Design  Criteria  for  Cryogenic 
Boost  Tanks,  Quarterly  Pr^ress  Report7  Beechcraft  Resesffcb  and 
Development,  Inc.,  September,  1959  (SECRET). 

5.  FTRDI  MR59-’2,  Establishing  Proven  Design  Criteria  for  Cryogenic 
Boost  Tanks,  Quarterly  Pr^ress  Report^  Beechcraft  Research  and 
Development,  Inc.,  December,  1959  (SECRET). 

6.  .  JTERDI  MR60-I,  Establishing  Proven  Design  Criteria  for  Cryogenic 

Boost  Tanks,  Quarterly  Progress  ReportJ  Beeciicraft  Resevch  and 
Development,  Inc.,  March,  i960  (SECRET). 

7.  FTRDI  MR60-2,  Establishing  Proven  Design  Criteria  for  Cryogenic 
Boost  Tanks,  Quarterly  Progress  Report,  Beechcraft  Research  and 
Development,  Inc.,  June,  i960  (SECRET). 

8.  WADC  ro58-273.  Research  Study  for  Rocket  Vehicle  Tank  Systems 
Using  Cryogenic  Propellants ,  Beechcraft  Research  etnd  Development, 
Inc.,  June,.  1956  (SKBET). 

9.  R-5SAGT823  "Gas  Atmosphere  Effects  on  Materials,”  Interim  Progress 
Report  Ho.  2,  General  Electric  Co.,  November  15,  1958- 

10.  McCllntock,  R.  M.  and  Van  Gundy,  D.  A.,  Adhesives  at  Low  Tempera¬ 
tures  ,  HBS  Cryogenic  Laboratory,  Lab  Note  3^5 t  June,  1^54. 

11.  WADC  TR  58-530,  Rocket  Vehicle  Tankage  Research  for  a  Cryogenic 
Propellant,  Beechcraft  Research  and  Development,  Inc.,  September 
1950  (SECRET). 

12.  Wilkes,  G.  B.,  "Thermal  Conductivity,  Expansion,  and  Specific 
Heat  of  Insulators  at  Extremely  Low  Temperatures," Ref.  Eng., 

July,  1956. 


AFfTC  TR  60-43(111) 


135 


LIST  OF  RSFSRERCES  (Continued) 


13.  Vershoor,  J.  D.,  "Thernc^.  Conductivity  of  Coamerclal  Insulations  at 
Lov  Temperature/'  Refrigerating  Eng.,  September,  193^. 

1*+.  Proceedings  of  the  1950  Cryogenic  Engineering  Conference,  "The 
Performance  of  Glass  Fiber  Insulation  Under  High  Vacuum,"  R.  M. 
Christianson  and  M.  Hollingsworth. 

15.  Proceedings  of  the  1959  Cryogenic  Engineering  Conference,  "Low 
Temperature  Insulation  Systons,"  R.  M.  Christianson,  M.  Hblllngsworth 
H.  N.  March,  Jr. 

16.  Larkin,  B.  K. ,  "A  Study  of  the  Rate  of  Themal  Rcullatlon  Through 
Porous  Insulating  Materials,"  Ph.D.  Thesis,  University  of  Michigan, 
Ann  Arbor,  Michigan,  1957. 

17.  Scott,  R.  B.,  "Cryogenic  Engineering,"  D.  Van  Nostrand,  1959. 

18.  Hunter,.  B.  J.,  et.  al.,  "Metal  Powder  Additives  in  Evacuated  Powder 
insulation,"  proceedings  of  the  1959  Cryogenic  Engineering  Conference 

19.  Paper  4.02  Proceedings  of  the  1954  Cryogenic  Engineering  Conference. 

20.  Fulk,  M.  M. ,  "Evacuated  Powder  Insulation  for  Low  Temperatures.*' 
Progress  in  Cryogenics  -1,  London;  Reywood  and  Compeiny,  Ltd., 

1959. 

21.  McCllntock,  R.  M.  and  Piza,  J.  J. ,  Epoxy  Resins  for  Cryogenic 
Structural  Adhesives,  NBS  Cryogenic  Laboratory  Report  No.  5093, 

June,  1957. 

22.  WADC  TR  58“386>  The  Mechanical  Properties  of  Certain  Aircraft 
Structural  Materials  at  Very  Low  Tmperatures,  Battelle  Memorial 
Institute,  Novem))er,  1958. 

23.  Compilation  of  Available  Information  on  T1  6a1-4v  Alloy,  Titanium 
Metallurgical  Laboratory  Memorandum,  Battelle  Memorial Institute, 
February  28,  1958. 

24.  Special  Report  on  Missile  Design  Data.  First  Edition,  Rem-Cru 
Titanium,  Inc.,  June  I9,  1957. 

25.  Coorucclnl,  R.  J.,  "Properties  of  Materials  at  Low  Temperatures," 
Chemical  E^lneerlng  Progress,  June,  July,  August,  1957. 

26.  I^ler,  W.  W. ,  and  Wilson,  A.  C.,  Jr.,  Therm^  Conductivity , 

Electrical  Resistivity,  and  Thermoelectrical  Power  of  Titsaium 
Alloy  RC-I30-B,  Knolls  Atomic  Power  Laboratory  Report  00'^.  1952. 


AFPTC  ra  60^-43(111) 


136 


LIST  OF 'REI'ERENCSS  (Continued) 


27.  Shifftjan,  C.  A.,  The  Heat  Capacities  of  the  Elements  Below  Roae 
Temperature,  General  Electric  Research  Laboratory,  October,  1952. 

28.  Product  Information  Book,  Min>K  Insulation  Handbook,  Johns 
Manvllle,  Undated. 


AFFTC  TR  60-1+3(111) 


137 


DISTRIBUTION  LIST 


1 .  CoDunander 

Air  Research  and  Development  Ccmmand 
ATTN;  FDZND 
Andrews  AFB 
Washington  25,.  D.  C. 

2.  Headquarters 5  Directorate  Project  CENTAUR 
Air  Force  Ballistic  Missile  Division 
ATTN;  WDZG,  MaJ.  J.  R.  Brill 

Air  Force  Unit  Post  Office 
Los  Angeles  California 

3.  Pesco  Products 

Division  of  Borg  Warner  Corporation 
ATTN;  Mr.  John  DeSteffano 
24700  North  Miles  Road  | 

Bedford,  Ohio  « 

4.  Commandant 

Air  Conmiand  and  Staff  College 
ATTN;  Director,  Weapons  Course 
Maxwell  AFB,  Alabama 

5.  Commander 

Air  Force  Ballistic  Missile  Division 
Air  Research  and  Development  Ccramand 
5760  Arbor  Vitae  Avenue 
Inglewood,  Cedifomia 

6.  Commander 

Air  Force  Special  Weapons  Center 
ATTN;  Dr.  Tester,  SWOI 
Klrtland  AFB,  New  Mexico 

7.  Commander 

Air  Technical  Intelligence  Center 
ATTN;  AFOIN-4E3,  A"  Voedisch 
Wright  Patterscn  AFB,  Ohio 

8.  U.  S.  Atomic  Energy  Commission 
Albuquerque  Operations  Office 

ATTN;  Asst.  Mgr.  for  Advance  planning 
P.  0.  Box  5400 
Albuquerque,  New  Mexico 


AFFTG  TR  6o-43(lli) 


138 


DISTOIBUnolf  LIST 
(Continued) 


Ho.  of  Copies 

9.  Assistant  Secretary  of  Defense,  R  &  D  1 

ATTH:  Weapons  Systen  Evaluation  Group 
Dr.  William  F.  Offutt 
Pentagon  Building 
Washington  23)  D.  C. 

10.  NationcLl  Aeronautics  and  Space  Administration  1 

Lewis  Flight  Propulsion  Laboratory 

Cleveland  Airport 
Cleveland,  Ohio 

11.  Air  Force  Plant  Representative  2 

Douglas  Aircraft  Company,  Inc. 

AI^:  Mr.  Charles  S.  Glasgow,  Chief  Engineer 
Long  Beach  Division 
Long  Beach,  California 

12.  Assistant  Air  Force  Plant  Representative  3 

Rocketdyne  Division,  Horth  American  Aviation 

ATTN:  Mr.  George  P.  Sutton 
6633  Canoga  Avenue 
Canoga  Park,  California 

13.  Assistant  Air  Force  Plant  Representative  3 

North  American  Aviation,  Inc. 

Missile  Development  Division 
ATTN:  Mr.  William  S.  Reid,  Jr. 

12214  lakewood  Boulevard 
Downey,  California 

14.  ARDC-ANP  Liaison  Office  3 

Convalr  Division,  General  Dynamics  Corporation 

Government  Aircraft  Plant  No,  4 

ATTN:  Messrs.  Keith  G.  Brown  and  Richard  E.  Adams 
P.  0.  Box  371 
Fort  Worth,  Texas 

13.  Qommeuider  1 

Field  Command,  AFSWP 
ATTN:  Capt.  Edwin  R.  Turner,  SWTG 
Technical  Library 
Albuquerque,  New  Mexico 


AFFTC  TR  60-43(111) 


139 


DISTRIBUTION  LIST 
(Continued) 


Ho.  of  Copies 

16.  Bureau  of  Aeronautics  Representative  3 

Aerojet  General  Corporation 

P.  0.  Box  296 
Azusa^  California 

17.  Conmiandlng  Officer  1 

Jet  Propulsion  Laboratory 

ATTN:  Messrs.  W.  H.  Plckerlng/l.  E.  Nevlan 
Pasadena^  California 

18.  Office  of  Naval  Research  1 

ATTN:  E.  E.  Sullivan 

Deparlment  of  the  Navy  -  Code  735 
Washington  23 >  D.  C. 

19.  Air  Force  Plant  Representative  3 

Boeing  Airplane  Company 

ATTN:  Mr.  John  J.  Zipp,  Jr. 

Oklahoma  City  Air  Materiel  Area 
Seattle  2h,  Washington 

20.  Air  Force  Plant  Representative  3 

Convalr  Division^  General  Dyiuamlcs  Corporation 

(Astronautics) 

ATTN:  Mr.  Louis  Canter 
P.  0.  Box  1950 
3165  Pacific  Hlghvsiy 
San  Diego  12 ,  California 

21.  Assistant  Air  Force  Plant  Representative  3 

Missile  Systems  Division 

ATTN:  Mr.  Frank  Clark  Hoyt 
Lockheed  Aircraft  Corporation 
Sunnyvale y  California 

22.  Air  Force  Plant  Representative  3 

The  Martin  Marietta  Corporation 

ATTN:  Mr.  George  E.  Halpem,  Chief,  Libraries 
Baltimore  3/  Maryland 

23.  Commander  1 

Wright  Air  Development  Center 

ATTN:  WCLPPIT 
Wright-Patterson  AFB,  Ohio 


AFPTC  TR  60-43(111) 


140 


DISTRIBUTIOS  LIST 
(Continued) 


Wo,  of  Copies 

2k.  AlResearch  Manufacturing  Company  3 

Division  Garrett  Corporation 
9851  Sepulveda  Boulevard 
Los  Angeles  43 ^  California 

25.  Chandler-Evans  Corporation  2 

Charter  Oak  Boulevard 

West  Heurtford  1,  Connecticut 

26.  National  Bureau  of  Standards  1 

Boulder,  Colorado 

27.  The  Glenn  L.  Martin  Company  3 

Missile  Division 

Denver,  Colorado 

28.  Boeing  Airplane  Company  1 

ATTN;  Mr.  G.  M.  Long 

Wichita,  Kansas 

29.  Arthur  D.  Little,  Inc.  1 

30  Memorial  Drive 

Acorn  Park 

Cambridge  40,  Massachusetts 

30.  National  Aeronautics  and  Space  Administration  6 

1520  H  Street  Northwest 

Washington  23,  D.  C. 

31.  Commander  7 

Air  Force  Flight  Test  Center 

ATTN;  PHIDI 

Edvards  AFB,  California 

32.  Air  Force  Plant  Representative  1 

Douglas  Aircraft  Company 

3000  Ocean  Park  Boulevard 
Santa  Monica,  C8Q.ifomla 

33«  Mr.  E.  W.  Schwartz,  Design  Specialist  1 

AeroPhyslcs 
Mail  Zone  395-10 
Convalr  Astronautics 
San  Diego,  Ceulfomla 


l4l 


AFPTC  TR  60-43(111) 


DISTRIBUTION  LIST 
(Continued) 


No. 


34.  Air  Force  Ballistic  Missile  Division 
Headqucurters ,  Air  Research  and  Development  Comnand 
Los  Angeles  California 

35.  Headquarters 

Armed  Services  Technical  Infoimatlon  Agency 
Arlington  Hall  Station 
Arlington  12,  Virginia 

36.  The  Marquardt  Corporation 
ATTK:  Mary  Burdett 
16555  Saticoy  Street 

Van  Nuys,  California 

37*  Liquid  Propellant  Infoimatlon  Agency 
Applied  Physics  Laboratory 
The  Johns  Hopkins  University 
Silver  Spring,  Maryland 

38.  Arnold  Engineering  Development  Center 
Air  Force  Systems  Command 
ATTN;  AEOIM 
United  States  Air  Force 
Arnold  Air  Force  Station,  Tennessee 

39 •  George  C.  Marshall  Space  Flight  Center 
ATTN:  Mr,  W.  T.  Jordan,  Jr.  M-S  &  M-FE 
Huntsville,  Alabama 

4o.  Office  of  the  Chief  of  Staff,  USAF 
Scientific  Advisory  Board 
Energy  Conversion  Committee 
Washington  25,  D.  C. 


of  Copies 
1 

27 

1 

3 

1 

1 

1 


AFFTC  TR  60-43(111) 


142 


